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Summary
Beam steering impairments adversely affect antenna performance at wider steering
angles. Scan loss degrades the antenna gain, and hence the link budget. To address
this problem, antennas designs based on phased arrays, lenses, and transmitarrays are
proposed. Millimetre wave beamforming within 5G cell sectors is considered as an
application scenario.
Feed networks for an 8-element phased array, operating at 28 GHz, were designed
using unequal power dividers. A Taylor amplitude distribution was applied to reduce
the sidelobe level to -15.2 dB at boresight. Prototypes were fabricated in microstrip,
using meanders to steer the beam.
Cascaded Fresnel lenses were placed around the array, to enhance the gain. By tilting
the lenses to align with the steered beam, the lenses increased the gain by 3.19 dB at
±52°, and by a further 1.5 dB when repositioned in simulation. Asymmetric ampli-
tude distributions were applied to the array to prevent the main lobe from splitting.
Diffraction theory was used to analyse the focusing properties of the lens arrangement.
The fabricated prototype exhibited a bandwidth of 1.75 GHz.
Antennas were designed and simulated for line-of-sight MIMO scenarios. An envelope
correlation coefficient below 0.0356 was maintained for both designs. 2D SISO beam
steering was also simulated. Achievable data rates were estimated from the antenna
parameters, and the effect of interference was evaluated. Scan loss was mitigated for
the two rows of antennas within the focal region.
A conformal transmitarray was designed using 1-bit unit cells based on crossed slots.
A unit cell placement rule was proposed to reduce the number of electronically recon-
figurable cells by 59%. A measured gain of 12.5 dBi and a simulated total efficiency
of 75% were obtained at boresight and the maximum steering angle of 53.1°. By com-
bining reconfigurable lenses with phased arrays, the focusing directivity was able to
mitigate scan loss.
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Chapter 1
Introduction
Beamforming is an essential antenna property enabling power to be transmitted or re-
ceived in a specific direction. In communication systems, an antenna with a high gain
and a low sidelobe level directs signal power towards the intended users, improving the
link budget. This is desirable at millimetre-wave frequencies, where propagation losses
are large. By maximising the signal-to-interference-and-noise ratio (SINR), beamform-
ing can maximise the user-experienced data rate [1]. However, beam steering impair-
ments such as scan loss degrade the link budget, and hence the SINR, and must be
reduced in order to improve the quality of communications. To this end, antenna de-
signs are investigated, based on phased arrays combined with lenses and transmitarrays,
with the aim to overcome the scan loss impairment in an access point scenario.
1.1 Motivation
Conventional beamforming methods such as phased arrays are advantageous as they
enable electronically reconfigurable steering. However, they suffer from impairments,
such as beamwidth broadening, sidelobe level increase, pointing loss, and scan loss.
This thesis investigates antenna designs which reduce or mitigate these impairments,
in three key areas. Firstly, the feed network of a phased array antenna. In this case,
minimising the sidelobe level has the potential to reduce interference. Secondly, dielec-
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tric lenses, which are conventionally used in the boresight direction. In this thesis, they
are used to increase the gain at wide angles, mitigating scan loss. Thirdly, electronically
reconfigurable lenses such as transmitarrays, which increase the gain whilst reducing
the physical size compared to fixed lenses. Lenses have been previously investigated at
sub 6-GHz frequencies [2], but are more appealing at millimetre wave frequencies, as
their size reduces as the frequency increases [3].
1.2 Research Questions
Given that the user positions vary relative to the base station, a wide azimuth steering
range from -60° to +60° is required for full coverage. This is difficult to achieve using a
planar antenna or a lens having a single focusing direction, as the gain reduction due to
scan loss reduces the useful steering range, defined in terms of gain. Furthermore, the
gain of these antennas typically reduces towards wide steering angles. It is challenging
to fulfil both scan loss and sidelobe level requirements simultaneously. These problems
lead to the following research questions:
1. To what extent can the focusing directivity of lenses be used to mitigate the scan
loss of a phased array antenna?
2. How can the sidelobe level of a phased array antenna be reduced whilst satisfying
low-cost fabrication constraints?
3. To what extent can a conformal lens arrangement increase the gain of a phased
array antenna at wider steering angles?
4. How can lenses be used to mitigate scan loss in a line-of-sight MIMO microcell
base station scenario? Is it possible to achieve a capacity increase at wide angles
for several users simultaneously?
5. To what degree can an electronically reconfigurable lens be used to reduce scan
loss, without degrading other aspects of performance? How does the performance
of a conformal transmitarray compare with that of conventional antenna designs?
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These research questions will be investigated in Chapters 3 - 6, through theoretical
analysis, design, simulation, and measurement.
1.3 Aims and Scope
This thesis aims to address the research questions above, by providing a set of antenna
design procedures. These are intended to make use of the millimetre wave frequency
bands. Although intended for small cell access points, the presented antennas could
also be used within vehicular communications, aircraft cellular backhaul, and satellite
end-user terminals. Antennas with single linear polarisation are investigated, with a
potential to later extend these to dual polarisation.
Enhanced mobile broadband requires wide beam steering to track the position of the
users. It is challenging for conventional antennas to achieve 360° azimuth beam steering
with high gain. Instead, the steering range is split into a number of sectors, each with
an antenna of reduced steering range. This enables spatial reuse of resources. In order
to support a reliable communication link, a minimum required gain value (above 12 dBi,
ideally 17 dBi) must be achieved. This work aims to enhance the antenna performance
within a 3-sector scenario (sectors of 60° width with a scan loss below 2 dB).
An important theme is the use of directivity to overcome loss. Antenna gain is the
product of directivity and efficiency. Directivity is proportional to the effective area
of the aperture [4, pp. 118-119]. By increasing the effective area of the aperture, the
antenna can make better use of the available power, provided that insertion losses are
minimised. Given that losses at millimetre wave frequencies increase with transmission
line lengths and depend on material properties, these factors must be considered to
maximise the efficiency.
Rather than redesigning the radiating elements, the focus of this work is the surround-
ing components such as feed networks, and radome-like structures such as lenses and
transmitarrays. This is because the design of radiating elements has been extensively
explored in previous works [5, pp. 811-815]. Fabricated prototypes have been evaluated
experimentally using 8-element antenna arrays operating in the 28 GHz band. These
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were realised as fixed versions of reconfigurable designs to reduce the cost of fabrication.
Although demonstrating data transmission over a communication link is beyond the
scope of this thesis, it is envisaged that the antennas would be capable of supporting
a per-sector throughput of 385 Mbps for a single stream, or 2.31 Gbps for a 6-stream
LOS MIMO link. At the cell edge, for low-interference scenarios, this represents a 75%
increase in data rates at the maximum steering angle of 52°, compared to a conventional
phased array. When interference is considered, the capacity increase ratio is 17%.
1.4 Contributions
This thesis has resulted in several contributions to knowledge.
1. The Taylor amplitude distribution can be realised in microstrip using unequal
power dividers. A design procedure is proposed to enable independent control
of the amplitude and phase at each element. Empirical formulae for the starting
parameters of the unequal dividers are presented. When steering the beam, the
meander widths are adjusted to maximise the total efficiency. The resulting feed
networks reduce the sidelobe level of a phased array antenna.
2. Cascaded Fresnel lenses can be used to increase the average gain across the steer-
ing range, reducing the effects of scan loss, provided that matching layer insertion
loss is minimised. When steering to angles between the central and side lenses,
asymmetric amplitude distributions can be applied within the feed networks to
prevent the main lobe from splitting.
3. In a LOS MIMO scenario, scan loss mitigation via lenses can be achieved for rows
of elements which lie within the focal region of the lenses.
4. A conformal transmitarray can be used to mitigate scan loss. By aligning with
different beam directions, the transmitarray panels maintain a constant projected
area, increasing the gain at wide angles. For the first time, the conformal transmi-
tarray is fed by a phased array, and the design is optimised to focus the radiated
wavefronts. Within the transmitarray, a unit cell placement rule is proposed to
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reduce the number of active unit cells required to focus the beam, reducing the
component cost and biasing complexity. The rule enables arbitrary incident field
patterns to be focused.
1.5 Publications
This work has resulted in the following publications:
1. T. A. Hill, J. R. Kelly, “28 GHz Taylor Feed Network for Sidelobe Level Reduction
in 5G Phased Array Antennas,” Microw. Opt. Tech. Lett., vol. 61, no. 1, pp.
37–43, Jan. 2019.
2. T. A. Hill, J. R. Kelly, M. Khalily, T. W. C. Brown, “Cascaded Fresnel Lenses
for Scan Loss Mitigation in Millimeter Wave Beam Steerable Antennas,” IEEE
Trans. Antennas Propag., 2019 (under review).
3. T. A. Hill, J. R. Kelly, M. Khalily, T. W. C. Brown, “Conformal Transmitarray
for Scan Loss Mitigation with Thinned Reconfiguration,” in 2019 13th European
Conference on Antennas and Propagation (EuCAP), Krakow, Poland, April 2019.
4. M. Khalily, S. Taheri, P. Xiao, F. Entezami, T. A. Hill, R. Tafazolli, “26 GHz
Indoor Wideband Directional Channel Measurement and Analysis in LoS and
NLoS Scenarios,” in 2018 12th European Conference on Antennas and Propaga-
tion (EuCAP), London, April 2018.
1.6 Overview of the Thesis
The thesis is structured as follows:
Chapter 2 provides a survey of beam steering impairments and state-of-the-art beam-
forming methods. Key performance metrics are identified.
Chapter 3 presents the feed network design. The sidelobe level is evaluated in compar-
ison with a conventional phased array.
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Chapter 4 presents an antenna which combines dielectric lenses with phased arrays to
reduce the scan loss. A design procedure and theoretical analysis are provided. The
gain performance is compared with the antennas discussed in Chapters 2 and 3.
Chapter 5 analyses the performance of a novel LOS MIMO antenna capable of scan
loss mitigation. The capacity of a single-user link and the effect of interference in a
2-user link is evaluated.
Chapter 6 describes a transmitarray with a conformal shape, capable of beam steering
to wide angles with low scan loss. A 1-bit unit cell design consisting of two conductor
layers is proposed to minimise the insertion loss, and antenna prototypes using thinned
arrangements of these unit cells are demonstrated.
Chapter 7 summarises the key contributions of the work, and offers directions for future
work.
Appendix A contains design formulae, and Appendix B provides details of the simula-
tion and experimental methods used.
Chapter 2
Literature Review: Beam
Steerable Arrays and Lens
Antennas at Millimetre Wave
Frequencies
In recent years, beam steerable antenna technologies have been developing at a phe-
nomenal rate. The traditional topic of phased array antennas has expanded into a
diverse range of 5G analogue and hybrid front-ends, whilst lenses have been explored
extensively for point-to-point backhaul applications. This chapter reviews the chal-
lenges and opportunities for millimetre wave access points, and identifies gaps which
can be addressed by novel beam steerable antenna designs.
At millimetre wave frequencies, high gain and efficiency are essential to satify the link
budget. However, scan loss limits the gain at wide steering angles and the sidelobe level
(SLL) must be minimised in order to reduce interference [6]. Future 5G/6G networks
will be based on densely-spaced small cells, so the cost of deployment is also a key
concern.
This review focuses on electronically reconfigurable antennas, as they have a faster
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steering speed and are more reliable than mechanically steered antennas. Although the
main emphasis is on state-of-the-art techniques for scan loss mitigation, sidelobe level
reduction is also explored. In order to compare the literature, key antenna performance
requirements are identified. These include boresight gain, scan loss, maximum sidelobe
level, and steering range. Then, in terms of the research questions, different types of
antennas are compared, including phased arrays, lenses, and transmitarrays. Building
upon an existing survey of beam steerable antennas [7], this chapter identifies techniques
to reduce or overcome beam steering impairments, and evaluates the practicalities of
implementing them within a 5G/6G system.
2.1 Context: 5G/6G Millimetre Wave Beamforming
5G aims to deliver connectivity to a greatly increased number of devices (10-100 times
more) compared to previous mobile standards. 5G is expected to include three core
application areas: enhanced mobile broadband, ultra-reliable machine-type commu-
nications and massive machine-type communications, which includes the Internet of
Things (IoT). Challenges associated with 5G enhanced mobile broadband links include
reducing the power consumption and achieving a data rates of 250 - 560 Mbps per user
in a dense environment [8]. Frequencies below 6 GHz are highly congested and offer
limited opportunities for further improvement of data rates in mobile networks, other
than by using massive multiple-input multiple-output (MIMO) [9].
The millimetre wave band encompasses the radio spectrum from 30 – 300 GHz. Spec-
trum is being licensed at these frequencies for use in mobile communications, unlock-
ing the potential for very high data rates [10]. Millimetre waves have been used for
many years in satellites, military communications, and automotive radar, but have only
recently been adopted by mobile communications, due to challenging channel condi-
tions [1]. The availability of large blocks of contiguous spectrum at millimetre wave
frequencies is predicted to enable several new applications, such as HD video streaming,
remote healthcare, and connected cities [11].
When the wide available bandwidth is fully utilised by the modem, multi-Gbps data
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rates can be demonstrated over 5G millimetre wave links. In 2017, Samsung achieved a
data rate of 1.2 Gbps over a distance of 800 m [12]. At the 2018 Winter Olympics in Ko-
rea, a 25 – 29 GHz 2 × 2 MIMO beamformer was demonstrated with a higher through-
put of 2.5 Gbps [13] [14]. Similarly, when miniaturised into an on-chip transceiver
and antenna, beam steering with a 1° resolution and a boresight gain of 14.5 dBi was
achieved, resulting in data rates of 0.5 – 2 Gbps [15] [16].
Several companies are investing heavily in 5G technologies, and have performed field
trials of millimetre wave long-range communications [17] [18]. Commercial base station
antennas are available at 26/28 GHz [17] and 59 – 63 GHz [18]. Specifications for the
5G new radio are summarised in [8], and the first 5G standards will be published as
3GPP Release 16 in 2020 [19]. Global frequency allocations will be finalised at the
World Radio Conference in 2019 [20] [21].
Recent 6G technologies will feature an ultra-high data rate physical layer supported by
artificial intelligence, novel modulation schemes, grant-free access at the cell edge, and
channel enginneering. A report on 6G describes the use of THz frequencies for short-
range communications (up to 10 m) [22]. Combining lenses with novel modulation
schemes and pulse shaping schemes could greatly increase the capacity. Xinying Li
et al. demonstrated a 1 Tbps data rate using optical upconverters and D-band horns
focused by lenses to provide 2 × 2 LOS MIMO [23].
Large intelligent surfaces are also being considered to achieve massive MIMO gains [24].
Using a very large number of unit cells, the surface is able to create additional degrees
of freedom, by spatially reconstructing the signals radiated by the users, to cancel
intersymbol interference. However, this relies on line-of-sight propagation, and the
phases on the unit cells will need to be adjusted differently for users located towards
different angles.
The terahertz (THz) frequency band (300 GHz – 30 THz) has also gained interest for
short-range, high data rate applications. However, due to high path loss, scattering
losses from surface roughness, high cost, and challenging component tolerance require-
ments [25], THz has not been included in this thesis. It is possible that millimetre wave
antennas could be miniaturised for these frequencies in the future.
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In order to select an operating frequency, the propagation loss must be considered.
Atmospheric absorption losses vary considerably with frequency due to the resonance of
water and oxygen molecules. The 60 GHz band has been released by the FCC in the US
for unlicensed communications, but due to atmospheric absorption, it may be unsuitable
for long-distance communications (beyond 200 m) [26, pp. 7-8]. Backhaul performance
at frequencies from 60 – 140 GHz has been evaluated in line-of-sight conditions [27].
It was found that the performance at 140 GHz was limited by the trade-off between
the available bandwidth and power amplifier efficiency. Use of the 140 GHz band
was only beneficial when there were more than 90 users within the sector. Similarly,
measurements performed in an indoor shopping centre [28] indicated that fewer NLOS
paths are available at 140 GHz, and that the propagation performance at 140 GHz
degraded by around 15 dB compared to 28 GHz.
The 28 GHz band (27.5 GHz – 28.35 GHz), which has reduced propagation loss com-
pared to higher frequencies, has long been favoured for satellite communications, and
is a candidate band for mobile network operators in the USA, Korea and Japan [29].
Connectors, integrated circuits and test equipment for this band are widely available
at moderate cost. For these reasons, the 28 GHz band was selected for this study. The
results are equally applicable to the 26 GHz European band (24.25 GHz – 27.5 GHz).
High path loss at millimetre wave frequencies necessitates high gain, beamforming
antennas [26, pp. 102-105]. The required gain is evaluated as a link budget calculation
in Appendix A.1, and further discussion on the topic of frequency allocations and
propagation can be found in [30].
Beamforming brings several new challenges to 5G/6G mobile network applications.
Firstly, the beam needs to track the user in order to maintain a link. This is because
the beamwidth is narrow. Beam tracking is difficult if the channel varies rapidly or
is obstructed, which complicates handover between cells. For vehicular applications,
rapid tracking of moving users (mobility) is required, with tracking speeds up to 110
km/h [12]. This necessitates phase shifters or switches with a reconfiguration time of
4 ns or less [31].
Secondly, to find nearby users, the base station transmits a wide, low-gain beam, but
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its range is not sufficient to find users at the cell edge. This is known as the hidden
node problem, and can be solved if the user initially registers with the base station on
a lower frequency [26, p. 476].
Thirdly, to avoid interference in a multiuser system, a group of co-located users will need
to share the resources within a beam, by time- or frequency-division multiplexing [32].
This requires resource allocation based on the received signal power levels and required
data rates for each user, balancing fairness against total sum-rate.
A key feature of 5G/6G networks is the use of small cells (densification) to increase
frequency reuse. The cell radius will be reduced from 2 km to around 200 m. However,
base stations should not be placed too close together (cell radius < 100 m), as this
would increase inter-cell interference, and the cost of deployment [26, p. 503].
The signal-to-interference-and-noise ratio (SINR) determines the quality of service
(QoS) experienced by the mobile user, so should be maximised through careful an-
tenna design. The SINR can be improved by increasing the received signal power,
suppressing interference, or reducing the received noise power.
Increasing the antenna gain leads to three possible system-level benefits: the bit error
rate (BER) could be significantly reduced, data rate could be increased, or energy
consumption could be reduced. The choice of benefit depends on the network operator
and user’s quality of service requirements. For example, mobile broadband requires
high data rates, whereas ultra-reliable communications require low BER. An antenna
gain increase of 2.5 dB could achieve a BER reduction1 by a factor of 103, or a 40%
data rate increase, or a 44% (100
(
1− 10−2.5 dB/10)) reduction in energy consumption.
Both noise and interference are important issues for millimetre wave communications.
Although antenna impairments can degrade the interference-to-noise ratio (INR), high
path loss at millimetre wave frequencies reduces the received interference power [26,
1assuming that the modem is operating in its asymptotic region, where the BER decreases rapidly
as the SINR increases. Adaptive coding and modulation, including forward error correction (FEC) [26,
pp. 62-71, 525-543], can be used to reduce the bit error rate, instead of requiring an increase in SINR.
However, an antenna which increases the SINR will assist the FEC in reducing the BER as far as
possible. The combination of antenna technologies and coding schemes could be investigated for use
in base stations.
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(a) (b) (c)
Figure 2.1: 2D beamforming system. (a) 3-sector base station with LOS and NLOS
channels, (b) Beamforming towards mobile users in a LOS 5G communication link. [36]
©2014 University of Bristol, (c) Azimuth eigenbeams of a NLOS channel [37]. ©2017
IEEE.
p. 502]. However, as interference is unavoidable in a dense urban environment, it is
still necessary to minimise the sidelobe level.
Losses within the feed network enhance noise at the receiver, which degrades the SINR
[33]. Although arbitrary beam shapes can be synthesised [34], in practice it is difficult
to maintain low SLL in the presence of array impairments [35, pp. 464-467].
Various channel scenarios need to be considered for beamforming (Fig. 2.1(a)). Mil-
limetre waves are attenuated by up to 25 dB through walls, so repeaters may be needed
to link indoor users with outdoor base stations. Nearby reflectors and absorbers (such
as buildings and foliage) could create blind spots or non-line-of-sight (NLOS) propaga-
tion [38].
Capacity is the ratio of data rate to bandwidth. Several techniques are available to
increase the capacity of a base station for a given number of RF chains and signal
bandwidth.
1. Beamforming.
(a) For a communication link to approach its maximum capacity, the main
beam of the antenna's radiation pattern should be aligned with the strongest
channel direction(s) (eigendirections) [26, pp. 132-133] [39, p. 336]. These are de-
termined by the positions of the users and scatterers, relative to the base station,
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as shown in Fig. 2.1(b)1.
(b) Hybrid beamforming. Analogue and digital beamforming can be com-
bined, using fewer RF chains than digital beamforming [26, p. 486]. This reduces
the power consumption and hardware cost. As millimetre wave power amplifiers
currently have very low efficiency (up to 20 %) [26, p. 327], improvements in the
antenna, RF chain, or beamforming architecture could help to compensate for
this. Table 2.1 presents a comparison of beamforming techniques.
2. MIMO antennas.
(a) MIMO enables the spatial multiplexing of parallel data streams, each of
which requires an RF chain and may serve a different user. A separate review of
MIMO antennas is available in Chapter 5.
(b) Dual-polarised antennas with a high cross-polar ratio can double the
capacity compared to single-polarised antennas. Circularly polarised antennas are
less sensitive to orientation than linearly polarised antennas, so are more suitable
for mobile handsets, whereas linearly polarised antennas are more suitable for the
base station [40] [41].
Table 2.1: Comparison of beamforming techniques.
Beamforming
Technique
Number of RF
Chains
Number of
Phase Shifter
ICs
Spectral
Efficiency,
Power
Consumption
Baseband
Processing
Complexity
Analogue Small Small Low Low
Digital Large None High High
Hybrid Small Moderate∗ Medium Medium
1NLOS paths can occur over a wide range of angles of arrival or departure (AoA/AoD), therefore
reconfigurable beamforming antennas are required with consistently high gain over this wide angular
range. For base stations of low height (< 8 m), the AoA spread increases to ±120° [26, pp. 145-149].
As shown in Fig. 2.1(c), a NLOS channel may require the antenna to produce a split main lobe [37].
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∗ Assuming a fully-connected 2x2 MIMO beamforming architecture.
Unlike sub-6 GHz frequencies, the millimetre wave channel is sparse (has few scatterers),
so fewer antenna main lobes are required [26, pp. 485-486]. Maximum capacity can be
approached when power is allocated towards the eigendirections. However, to simplify
the antenna design problem, a LOS link with a single main lobe is assumed. If needed, a
pattern with several main lobes could be synthesised for a multipath (NLOS) scenario.
Vehicular, cellular and aerospace applications will benefit from wide beam steering [26,
pp. 24-26]. Table A.1 in Appendix A provides a link budget calculation for an outdoor
base station in a LOS scenario. The 17 dBi target gain value can be achieved if the
beamwidth is sufficiently narrow. Traditionally, antennas within a 4G base station have
a fan beam radiation pattern which is wide in the azimuthal plane, but narrow in the
elevation plane [42]. Due to this wide beamwidth, no azimuthal steering is required.
In a 5G scenario, the base station (microcell access point) will ‘shine’ a spot beam
towards each user. In order to achieve full 360° azimuth coverage, three beam-steerable
sectors will be required, with elevation downtilt control. Reducing the number of sectors
reduces the total hardware cost, so a wider steering range per sector is preferred. It
is important to minimise the scan loss when steering the beam as this will help to
mitigate blind spots between sectors. 5G signals suffer from beam squint, as they
contain a large range of frequencies (wideband), so the pointing error must be below
±2.5° to maximise the received signal power. Azimuth and elevation beamwidths of
17° and 20° respectively are required. It is challenging to achieve both wide steering
range and low SLL simultaneously, because SLL increases as steering angle increases,
so the maximum SLL determines the useful steering range. Sidelobes must be kept low
(-15 dB in 4G [43, p. 49]) to minimise interference with other cells.
2.2 Principles of Beam Steering
This section introduces background material on steerable antennas. Beam steering
techniques can be classified into two main types: continuous and discrete. Discrete tech-
niques steer the main lobe direction in coarse angular steps, and may use low-resolution
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digital phase shifters, or a switch matrix. Continuous steering ideally achieves an in-
finitely fine steering resolution, and may use analogue or high-resolution digital phase
shifters, or even parasitic elements. Due to adjacent beams overlapping with a high
crossover gain level, continuous steering reduces the pointing loss and guarantees a
higher minimum gain across the steering range, thus improving the SINR.
Phased arrays have been used since the 1930s to achieve higher gain and more control
of the radiation pattern than for a single element. The gain of an array is proportional
to its effective area, so an array with more elements has higher gain, but is physically
larger [4, p. 166]. For simplicity, consider 1D beam steering (azimuth only), rather
than 2D beam steering (both azimuth and elevation). The element factor (EF) is the
radiation pattern of a single element within the array [44]. The radiation pattern due
to the array geometry and applied amplitudes and phases is known as the array factor
(AF). Both the EF and AF depend on direction (azimuth angle φ and elevation angle
θ). The overall radiation pattern can be approximated by pattern multiplication: the
element factor is multiplied by the array factor [5, p. 251]. This is illustrated in Fig.
2.2.
PF = AF× EF (2.1)
The normalised array factor for a uniform 1D phased array is given by the following
expression [5, pp. 258-259]:
AF(θ, θ0) =
1
N
sin
(
N
2 (kd sin θ + β)
)
sin
(
1
2(kd sin θ + β)
) (2.2)
where N is the number of array elements, k = 2piλ0 =
2pif
c is the free-space wavenumber,
λ0 is the free-space wavelength, and d is the spacing between elements.
For a microstrip patch, the element factor can be approximated as EF(θ) ≈ cos0.5 θ [44].
Phased arrays apply a progressive phase shift, β, between their elements to steer the
beam (radiation pattern main lobe) towards a desired direction, θ0 [5, p. 267]. This is
realised in hardware using phase shifters.
β = kd sin(θ0) (2.3)
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(a) (b)
Figure 2.2: 1D phased array. (a) Beam steering via a progressive phase shift between
elements, (b) Pattern multiplication determines the shape of the steered beam.
where θ0 is measured clockwise from the z-axis (perpendicular to the plane of the
array), and β > 0 represents a phase lag from left to right along the array elements.
2.3 Beam Steering Impairments
A steering impairment is an undesirable behaviour of the antenna radiation pattern,
when the beam is steered to an off-boresight direction. Steering impairments degrade
the SINR. Conventional beam steerable antennas suffer from four main impairments:
beamwidth broadening, sidelobe level increase, pointing loss, and scan loss [45] (Fig.
2.3).
Beamwidth broadening is a reduction in directivity due to a shortening in the effective
length of the antenna when it is viewed from wide angles. In a phased array antenna, it
is caused by the array factor. According to [5, pp. 371-372], “the half-power beamwidth
of the tilted pattern is increased by 1/cos θ0 while the directivity is decreased by cos
θ0”. Restoring the beamwidth at θ0 = 90° would require a planar, uniform array of
infinite length, which is impractical. However, it was shown in [34] that beamwidth
broadening can be reduced by adjusting the distribution of power to the array elements.
SLL increase is due to both the AF and EF: as the main beam is steered, a second
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Figure 2.3: Radiation patterns of a chip integrated antenna for three frequencies (33
GHz, 37 GHz, 41 GHz), showing beam steering impairments: beamwidth broadening
and SLL increase [46]. ©2013 IEEE.
main lobe (sidelobe) forms due to the AF. The EF is still pointing towards the boresight
direction, so this second lobe is enlarged and the SLL is increased.
Pointing loss is a reduction in gain due to pointing error, from a misalignment between
the beams of the user and base station. For mobile broadband access scenarios, the
beamwidth must be sufficiently wide to enable tracking of the users, so considerable
gain reduction can occur due to pointing error. The effect of pointing loss is briefly
analysed in Chapter 5 Section 5.6.
Scan loss is a reduction in gain when the main beam of the antenna is scanned to
wide angles, away from the boresight direction. It includes the effect of beamwidth
broadening [47]. Scan loss significantly reduces the received signal power, reducing the
achievable data rate, and hence adversely affects the quality of communications. This
makes it an important problem to address.
2.3.1 The Scan Loss Problem
Peak gain is defined as the gain of the main lobe at scan angle θ0. Scan loss Ls is the
difference between the gain at boresight G(0) and the gain at the maximum scan angle
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Figure 2.4: Scan loss of a phased array: normalised gain (linear scale) vs. steering
angle.
G(θ0 max) [48].
Ls(dB) = G(0)(dBi)−G(θ0 max)(dBi) (2.4)
For a planar array antenna,
G(θ0) = cos
1.5(θ0) = cos
0.5(θ0) cos(θ0) (2.5)
where θ0 is the scan angle [35, p. 238] [44].
Scan loss has two main causes. Firstly, the element factor, whose gain reduces with
scan angle. A microstrip patch can be modelled as two slots with a ground plane of
finite area, so its element factor gain has a low value when θ0 = 90°. The gain at end-
fire depends on the choice of radiating element [5, pp. 743-748]. Secondly, the array
factor, as scan loss includes a term cos(θ0) due to beamwidth broadening. The total
gain reduction at wide angles can be observed in Fig. 2.4. Note that the zero gain at
end-fire (θ0 = 90°) in Fig. 2.4 is an approximation based on Wheeler’s element factor
model, which will be discussed in relation to Fig. 2.8. A distinction must be made
between scan blindness and scan loss. The term scan blindness refers to a problem
whereby the array gain is significantly reduced when scanning to a certain angle, due
to mutual coupling between elements. It has several causes, for example surface waves,
which carry energy to adjacent elements, causing a change in impedance and hence a
reduction in efficiency at wide angles [5, p. 491]. If a thin substrate of appropriate r is
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chosen, total internal reflection does not occur, so the surface waves cannot propagate,
removing this contributor to scan blindness.
Scan loss has a large detrimental effect on the received signal power, at wide angles
between sectors. This motivates an investigation to evaluate the scan loss of exist-
ing antennas, assess the advantages and limitations of existing scan loss mitigation
methods, and consider new methods to overcome scan loss.
2.3.2 Causes of Scan Loss
Mutual coupling affects the performance of phased array antennas. When a driven
element is excited, power is also coupled into the adjacent elements. This loading
effect due to mutual coupling alters the impedance at the driven element. It varies
according to the spacing between array elements. The self- and mutual impedances
are contained in the matrix [Z] described by [V ] = [Z][I] (or equivalently, [I] = [Y ][V ]
where admittance [Y ] = [Z]−1). As a result, the radiation pattern of an element can
be altered when placed within an array, compared to the isolated element. The active
reflection coefficient Γ, and hence the efficiency of the array, is also altered [35, pp. 215-
217]. In the H plane (φ = 90):
Γ =
cos(θ)− 1
cos(θ) + 1
= − tan2 θ
2
(2.6)
In the E plane (φ = 0):
Γ =
sec(θ)− 1
sec(θ) + 1
= tan2
θ
2
(2.7)
According to [35, pp. 221-222], the reflection coefficient expressed in terms of load
(element) and source (generator) impedances is given by:
Γ∗ =
Z∗s (θ)− Zg
Zs(θ) + Zg
(2.8)
In the absence of grating lobes and higher-order modes, the radiation pattern can be
approximated as:
gs(θ) ≈ 4piAelem
λ2
cos(θ)
(
1− |Γ(θ)|2) (2.9)
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Figure 2.5: Surface wave propagation in a dielectric slab. Total internal reflection
occurs beyond the critical angle [51]. ©2015 David R. Jackson.
There are several effects which support mutual coupling, including radiated space waves,
forced surface waves, creeping waves, eigenmodes, and ground plane currents [5, p. 491]
[49].
The substrate of a microstrip patch array is effectively a dielectric slab placed above
a ground plane. This can support surface waves [50, pp. 131-134]. For a certain
substrate thickness, total internal reflection occurs, producing forced surface waves
propagating in a direction along the substrate. These transfer power to adjacent array
elements, propagating if the angle of incidence is above the critical angle (as shown in
Fig. 2.5) [26, pp. 205-206]:
θcrit = sin
−1
(
1
r
)
(2.10)
For TM modes [50, pp. 131-134],
kc tan kcd = rh (2.11)
and
k2c + h
2 = (r − 1)k20 (2.12)
For TE modes,
−kc cot kcd = h (2.13)
and
k2c + h
2 = (r − 1)k20 (2.14)
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Figure 2.6: Leaky wave k-β dispersion diagram, showing the radiation condition relative
to the light line [52]. ©2016 Springer.
where d is the substrate thickness, and kc and h are the cutoff wavenumbers in the
dielectric and in air, below and above the interface, respectively.
Let us briefly discuss leaky waves for comparison. They are a type of travelling wave
antenna. Discontinuities in the impedance along the structure cause part of the incident
power to radiate: the attenuation constant αs determines the leakage rate and hence
the beamwidth [53], and the phase constant βs determines the beam direction θ0 ≈
sin−1 βyk,nk0 where βyk,n = β0 +
2npi
d is the y-direction phase constant of the nth space
harmonic and d is the period [53] [54]. Dispersion effects can be plotted on the k-β
diagram in Fig. 2.6. Fast waves occur if k > β; slow waves occur if k < β. The
light line k = β corresponds to free-space propagation at the speed of light vp = c.
The radiation condition occurs when the impedance at the surface of the antenna is
well-matched to the impedance of free-space (377 Ω), i.e. when 0 <
∣∣∣βnk0 ∣∣∣ < 1 [55]. The
transverse wavenumber is given by [54]:
ks = ±
√
k20 − k2z = βs − jαs (2.15)
where kz is the wavenumber in the z-direction.
In the case of a microstrip patch array, the angle θlw at which the leaky wave occurs is
defined by [35, p. 247]:
sin θlw =
∣∣∣∣βk − λdx
∣∣∣∣ (2.16)
where dx is the x-direction spacing between array elements.
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Figure 2.7: u-v space representation of the periodic structure. Scan blindness occurs
when a surface wave circle intersects with the real space [57] [58, p. 317]. ©1984
IEEE. ©2005 Artech House Inc. Used with permission of Artech House, from Phased
Array Antenna Handbook, R. J. Mailloux, 2nd Edition; permission conveyed through
Copyright Clearance Center, Inc.
Oliner and Malech [56, pp. 71-392] studied the variation in scan impedance when a
ground plane is present or absent. In the presence of a ground plane, it was found that
a sudden discontinuity in the scan resistance can occur due to a forced resonance in
the periodic grating, known as Wood’s anomaly [49].
As the scan angle changes, the mutual impedance also varies. In an infinite array, the
radiated fields can be expanded as a series of Floquet modes. These respresent spatial
harmonics corresponding to a number of lobe directions. Depending on the cutoff
frequency of each mode, the corresponding wavenumber will be real (visible space)
or imaginary (invisible space). This determines whether or not the mode propagates.
Propagating modes radiate power into the desired beam, or into unwanted grating lobes.
Nonpropagating modes represent stored power, whose reactance can alter the mutual
coupling. The Floquet modes can be plotted in u-v space (Fig. 2.7) [57]. Visible space
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corresponds to the region inside the unit circle (
√
u2 + v2 < 1), and invisible space is
outside the unit circle (
√
u2 + v2 > 1), where u = sin θ cosφ and v = sin θ sinφ. As
shown in Fig. 2.7, the intersection of the surface wave circles with the visible space
region determines the blindness angle(s) [57].
When scanning to a beam direction (θ0, φ0), the Floquet modes are given by the Fourier
transform of the current density local to the unit cells. The fields radiated by the array
are proportional to [56, pp. 201-203]:
e−j(kxx+kyy+kzz)P (x, y) (2.17)
where
kx = k sin θ cosφ (2.18a)
ky = k sin θ sinφ (2.18b)
kz = k cos θ (2.18c)
The periodic function P (x, y) can be expanded into a double Fourier series [56, pp. 201-
203]:
P (x, y) =
∞∑
m=−∞
∞∑
n=−∞
e
−j
(
2pi
Dxmx
)
e
−j
(
2pi
Dyny
)
(2.19)
Combining exponentials,
P (x, y) =
∞∑
m=−∞
∞∑
n=−∞
e−j(kxmx+kyny+kzmnz) (2.20)
where
kxm = kx0 +
2pi
Dx
m, m = 0,±1,±2, ... (2.21a)
kyn = ky0 +
2pi
Dy
n, n = 0,±1,±2, ... (2.21b)
As observed in (2.21a) and (2.21b), the spatial harmonics are periodic due to the
periodicity of the array. Consider the wavenumber kzmn of the mode (m, n) in the
z-direction [56, pp. 201-203]:
kzmn =
√
k2 − k2xm − k2yn (2.22)
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Setting m = 0, n = 0 for the main lobe gives [56, pp. 201-203]:
kz =
√
k2 − k2x0 − k2y0 = k cos θ0 (2.23)
where k = 2piλg , λg =
λ0√
r
, kx0 = k sin θ0 cosφ0 and ky0 = k sin θ0 sinφ0.
Considering the generalised wavenumbers presented above results in a generalised scan
factor for azimuth and elevation [35, p. 236]:
Hmn =
(
sin θ0 cosφ0 +
n
dx
)2 − 1(
sin θ0 cosφ0 +
n
dx
)2
+
(
sin θ0 sinφ0 +
m
dy
)2 − 1 (2.24)
where Hmn is the peak gain when scanning to an angle (θ0, φ0) for Floquet mode (m,
n).
For the designs in this thesis, scan blindness was not observed, due to the use of a
thin substrate. As explained by Pozar [57], “At blindness, all of the power incident
on the array is trapped in the nonradiating surface wave, resulting in total reflection.”
When the wavenumber of the surface wave is equal to the phase constant of the main
lobe, it destructively cancels with the radiated wave, significantly reducing the gain.
For infinite arrays, the gain is zero at the blind angle (a null), whereas for finite arrays
there is a smaller reduction in gain [49].
When m = n = 0, corresponding to the main lobe, the terms presented in (2.24) reduce
to cos(θ) for the E-plane and 1/cos(θ) for the H-plane. This confirms that the active
element factor varies as a function of scan angle. The use of a dielectric superstrate,
air cavities behind the elements, or baﬄes between the elements have been proposed
to combat scan blindness [5, pp. 491, 866-868].
The work of Wheeler investigated the causes of scan loss, in terms of the element
factor [44]. An infinite array assumption was used, which is valid when the number
of elements is large. For finite arrays, with a small number of elements, the Gibbs
phenomenon occurs, causing ringing in the main lobe shape due to truncation of a
series of terms [35, pp. 273-275]. However, this does not alter the direction of the blind
angles.
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(a) (b)
Figure 2.8: Causes of scan loss. (a) Wheeler’s ideal element factor model (solid line)
and microstrip patch radiation pattern (dashed line), (b) Wall boundaries, showing
the variation in reflection coefficient as the beam is scanned, (c) Microstrip patch
model [5, p. 834]. ©2005 John Wiley & Sons.
Wall boundary conditions can be placed between the elements. These boundaries tilt
as the beam is scanned, altering the impedance experienced by the elements. This
causes reflections within the elements, reducing the total efficiency. In the E-plane:
 Magnetic wall: an open-circuit reflector behind the array ( = 0, µ = ∞).
 Electric wall: short-circuit boundaries ( =∞, µ = 0) between the array elements.
The resistance appears to increase or reduce as the beam is scanned:
 H-plane scan: “The incoming wave sees a section of current sheet which is wider
than the section of wavefront, so the wave appears to be reflected by a resistance
that is lesser in the ratio cos(θ).” [44]
 E-plane scan: “The incoming wave sees a section of current sheet longer than the
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section of wavefront, so the wave appears to be reflected by a resistance that is
greater in the ratio, 1/cos(θ).” [44]
The wall boundaries, and the resulting ideal element factor model, calculated as
√
cos(θ),
are displayed in Figs. 2.8(a) and 2.8(b).
The analysis above is valid for a current sheet. However, as discussed by Balanis
[5, pp. 832-834], the radiation pattern for a microstrip patch can be more accurately
modelled as an array of two radiating slots (Fig. 2.3.2). These are in the y-direction
with respect to the feed, and result in the following radiation patterns [5, pp. 835-836]:
E-plane
Etφ ∝
sin
(
k0h
2 cosφ
)
k0h
2 cosφ
cos
(
k0Le
2
sinφ
)
(2.25)
H-plane
Etφ ∝ sinφ
sin
(
k0h
2 sin θ
)
k0h
2 sin θ
sin
(
k0h
2 cos θ
)
k0h
2 cos θ
(2.26)
where Le is the distance between the radiating slots. This refinement allows the scan
loss to be more accurately predicted. In the following chapters, the simplified element
factor model from Wheeler [44] will be used, as the main lobe is of more interest than
the backlobe.
The beamwidth broadening effect has been explained in [47], in terms of the projected
area. At wider angles, the spacing between elements appears to be reduced, so the
array factor produces a wider beamwidth and a lower peak gain.
2.4 Beam Steerable Antennas: Scan Loss Mitigation
Techniques
This section evaluates the performance of several beam steering techniques, including
phased arrays, lens antennas, and transmitarrays. The aim is to identify existing solu-
tions to the scan loss problem, whilst minimising other impairments. For works which
report directivity, the efficiency must be included to correctly evaluate the realised gain.
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(a)
(b)
Figure 2.9: Phased array antenna with chip integrated transceivers operating at 28
GHz. (a) Antenna PCB design and chip layout, (b) Steered radiation patterns [61].
©2018 IEEE.
2.4.1 Phased Arrays and Novel Antenna Structures
Phased Array Antennas
Phased array antennas offer a simple way to perform continuous beam steering, which
helps to meet the requirement for minimum gain across the steering range [59, pp.25-26].
In contrast with frequency-steered antennas, beam steering occurs at a single frequency,
so a beam squint below ±2° can be maintained over a 1 GHz bandwidth [60]). Although
they incur a high cost of phase-shifting components, as well as feed line losses which
increase with array size, phased arrays are chosen here as a baseline for performance
comparison with other technologies. The advantages of phased arrays are that they
can produce continuous beam steering, and that the beam shape can be adjusted by
controlling the array excitation.
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Since early studies on phased arrays [62], miniaturisation has enabled their use within
mobile handsets. A 64-element chip-integrated array operating at 60 GHz was recently
presented [63], achieving a 2D steering range of ±55° in both planes. However, it did
not offer a solution to the scan loss problem (the scan loss was up to 4 dB). For base
station applications, a larger antenna size can be used if this improves the performance.
Several novel array designs have attempted to mitigate scan loss, by altering the pe-
riodicity of the elements (spacing and subarrays), using metamaterials, and by using
non-planar (conformal) designs [34] [64] [65]. The effect of lattice spacing on scan loss
was explored in [66]. As the lattice spacing was reduced, the scan loss also reduced, but
in practice mutual coupling would limit the reflection coefficient performance at wide
angles. Non-uniform spacing at the edge of the array enables an increased projected
area for wide scanning, helping to suppress beamwidth broadening [34]. By tapering
the density of the array, it also enables the use of uniform amplitudes at the array ele-
ments, which has the benefit of improved power amplifier efficiency [67]. Non-uniform
spacing can achieve a SLL reduction [68], however it cannot fully compensate for scan
loss. This is because there is still a gain reduction due to the element factor. The array
factor formula in (2.2) can be generalised to non-uniform spacing [69]:
AF(θ, θ0) =
1
N
M∑
n=1
ane
jkdn sin θ+βn (2.27)
where dn and βn are the spacing and phase difference between elements n and n+ 1.
A wide-scanning array with a SLL below -15 dB was recently presented, operating
at 5.8 GHz. Particle swarm optimisation (PSO) was used to calculate the spacings
between elements within an aperiodic array [70]. The scan loss was just 1 dB at ±50°,
and the boresight gain was 21 dBi. However, the element used to achieve wide steering
had a very narrow bandwidth. Parasitic stacked patch elements, fed from alternating
directions, have achieved a very low scan loss of 0.78 dB at 26 GHz, but still suffered
from beamwidth broadening [71].
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(a) (b)
Figure 2.10: Switched element factor approach. (a) 35 GHz reconfigurable element
design based on PIN diodes, (b) Element factor directions corresponding to switch
states [76]. ©2013 IEEE.
Subarrays can be used to increase the gain of a phased array, by multiplication of two
array factors. The radiation pattern of each subarray acts as an effective element, which
conventionally points towards the boresight direction [72]. The challenge with subarrays
is removing grating lobes [73]. Recently, scan loss mitigation based on overlapped
subarrays was proposed [74]. By adjusting the element amplitudes within the subarray,
a subarray pattern with a split main lobe was synthesised, assisting steering to wide
angles [75]. When implemented within a sparse array based on cyclic difference sets,
this produced a gain increase of 1.2 dB at 60°, but the boresight gain reduced by 4 dB.
Electronically reconfigurable elements can mitigate scan loss within a phased array.
Ding et al. [76] used PIN diodes1 to switch the direction of the element factor to
align with the steering direction. This resulted in steering to ±75° at 35 GHz with a
scan loss below 3 dB. However, this technique has a high component cost and requires
multilayer printed circuit board (PCB) fabrication. Switched element factors can also
be used to reduce the SLL [30]. However, at millimetre wave frequencies, placing active
components within the radiating elements introduces losses and nonlinearities [77].
Novel materials can be used to produce continuously tunable phase shifters. Barium
strontium titanate (BST) thick films were used in [78] to achieve a voltage-controlled
r for each element within a 4×4 array. Steering to ±25° in both planes was obtained
with a scan loss of 3 dB in the H-plane, but the insertion loss was 11.1 dB and the SLL
was very high (-3 dB).
1p-type, intrinsic, n-type semiconductor
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(a) (b)
Figure 2.11: 11-element array at 5.8 GHz with amplitude control. (a) Fabricated
antenna prototype, showing radiating elements (above) and metamaterial ground plane
(below), (b) Measured H-plane radiation patterns [64]. ©2015 IEEE.
Figure 2.12: Surface current directions and magnetic field vectors within the unit cell
described by [64]. ©2015 IEEE.
Metamaterials and Parasitic Elements
Metamaterials are patterns of conductor or dielectric which produce special electro-
magnetic properties that are unavailable in naturally occurring materials. Examples
of these include a modified ground plane, and resonators. Other structures, such as
parasitic elements and air cavities, alter the antenna element, but without adding any
special behaviour such as dispersion or negative refractive index.
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Wang et al. [64] reported an artificial magnetic conductor (AMC) made from cross-
shaped metal patterning. When the AMC is used instead of a solid ground plane, it
allows the element to radiate towards end-fire (no null at ±90°). The AMC modifies
the boundary conditions of the patch cavity resonance, so that the magnetic fields are
perpendicular to the boundary. Very wide 1D beam steering to ±105° was achieved
(Fig. 2.11(b)). The resonant frequency of the metamaterial (6.5 GHz) was chosen so
that the metamaterial does not radiate at the centre frequency (5.7 GHz). This method
still suffers from SLL increase and beamwidth broadening. The scan loss was 3 dB for
a scan range of ±90°.
The design was extended to a 64-element array for 2D beam steering [79]. Parasitic
patches were used to increase the beamwidth of the element factor. A very wide steering
range was achieved (±75° in both directions), and the array excitation was modified to
simultaneously optimise the gain, sidelobe level and steering range. However, the gain
(19 dBi) is quite low for such a large number of elements.
A flat-panel antenna with a boresight gain of 35.3 dBi at 11.45 GHz, and a steering
range of ±70°, is commercially available from Kymeta Corporation [80]. It uses liquid
crystal resonant elements to form a voltage-controlled slotted waveguide. However, its
scan loss performance has not been evaluated.
Leaky-Wave Antennas
A leaky-wave antenna steers the beam by changing the frequency (frequency scanning)
[54]. This is problematic for wideband signals due to beam squint, as each frequency
points in a different direction, causing pointing loss. Sinusoidally varying reactance has
been used to steer a beam [82]. However, sidelobe levels as high as -7 dB were observed,
which is a common drawback of leaky-wave antennas, due to reflections within the
structure [83]. Nonetheless, an antenna capable of steering up to 4 beams in 2D with
simultaneous Tx and Rx was demonstrated [84]. SIW Butler matrix beamforming
networks were used to feed 128 slot elements. The gain was 13.5 dBi at 82 – 86 GHz
for a ±30° steering range.
A fixed-frequency leaky-wave antenna based on metamaterials tuned by adjusting var-
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Figure 2.13: Leaky-wave antenna employing meanders to widen the steering range [81].
©2018 IEEE.
actor bias voltages was implemented at 5.8 GHz within a Rotman lens beamformer [85],
but had a limited steering range from -33° to +45°. Ma et al. [86] achieved steering up
to 47° within a structure steered using liquid crystals. Meanders were added to increase
the dispersion sensitivity, at the expense of increased physical size. Scan loss was not
reported as the gain values were normalised. In [87], this technique was applied to a
series-fed array of patch elements, which achieved a narrower azimuth steering range
of ±21° but with a simplified design compared to the leaky-wave antenna.
It is challenging to achieve radiation towards the boresight direction using a leaky-wave
antenna, because the periodic structure has an open stopband, formed by the use of
a standing wave [54]. Authors have solved this problem by introducing metamate-
rial transmission lines [81] [87] [85]. More recently, a leaky-wave pillbox antenna was
demonstrated from 220 – 300 GHz. Each layer was separately micromachined, and
aligned using pins. By using a low-loss aperture-coupled waveguide feed, the scan loss
was close to zero when the frequency was varied [55].
Conformal Arrays
Although planar arrays offer a compact, low-cost structure, they cannot easily miti-
gate scan loss (without the use of metamaterials). Conformal antennas can produce a
constant projected area with respect to the steering angle. This alleviates beamwidth
broadening [88], but for a given direction, only a sub-set of the elements will be active
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in forming the beam, so the maximum gain will be reduced. A mechanically steered
array used several tilted panels to align the element factor with the beam direction,
but blockage occurred where the panels overlapped [89]. Particle swarm optimisation
has been used to calculate the amplitude and phase excitations for conformal phased
arrays, to reduce the SLL [90]. The study included asymmetric amplitude distributions.
A 3-facet conformal phased array was designed, with algorithms for SLL suppression
[65]. Progressive phase compensation was applied to enable steering up to ±69°, but
with reduced directivity compared to a planar array. Alternatively, in [91], a large
number of sectors was used to avoid the need for beam steering. An 8-sector base
station antenna operating at 28/38/48 GHz was reported. Similarly, a 4-sector design
consisting of switched subarrays with parasitic directors and reflectors demonstrated
full 360° coverage at 5.8 GHz [92], although the realised gain value was not mentioned.
An electronically reconfigurable cylindrical and conical conformal array, operating at
20.7 GHz, has been presented [93]. The scan loss was 5 dB at 67.5 deg when steering
in the elevation plane, and was around 1 dB when steering in the azimuthal plane, due
to circular symmetry. The insertion losses of the phase shifters and feed networks were
4 dB and 5 dB respectively.
Conformal antennas tend to have a larger volume than planar designs, and require a
large, lossy feeding structure. As the elements point towards different directions, they
cannot all be used simultaneously to form a beam [90], so the gain is reduced. Hence,
conformal array techniques on their own have not been found to be provide an adequate
solution to the scan loss problem.
Feed Networks for Sidelobe Level and Loss Reduction
In addition to scan loss mitigation, SLL and insertion loss must be minimised by careful
feed network design. SLL reduction techniques will be outlined, before returning to the
scan loss problem in Section 2.4.2.
There are two main types of feed network: series and corporate [5, pp. 865-866]. Se-
ries feeding reduces the insertion loss, but also reduces the bandwidth [95], whereas a
corporate feed can achieve a wider fractional bandwidth, for example 24.4% [71]. As
34 2. Literature Review: Beam Steerable Arrays and Lens Antennas at Millimetre
Wave Frequencies
Figure 2.14: SICL feed network for sidelobe-level reduction [94]. ©2018 IEEE.
this is essential for supporting wideband multicarrier 5G signals, corporate feeds are
examined in more detail. Interwoven feed networks, using the orthogonality property
of the sinc function, have been proposed to reduce the number of phase shifters [96].
A SLL below -13 dB was maintained, but the scan loss was greater than 4 dB at ±24°.
A non-uniform amplitude taper can be applied to reduce the sidelobe level (SLL) of a
phased array antenna, and hence reduce interference. This is achieved at the expense
of a slight increase in main lobe beamwidth (i.e. gain reduction). The Taylor n-bar
distribution achieves an optimal trade-off between gain and SLL [35, pp. 64-68].
Several reported designs have implemented an amplitude taper within a phased array
feed network [97] [98]. In [97], a Taylor distribution, having a SLL of -17 dB, was
implemented within a 10-element array. This was achieved by adjusting the widths
of transmission lines used to implement quarter wave transformers. However, a series
feeding arrangement was used, which limits the beam steering range. Alternatively, [98]
used Y-junction dividers, together with an electromagnetic bandgap (EBG) structure
to suppress surface waves. The antenna exhibited a very wide frequency operating
bandwidth from 55 – 65 GHz along with a SLL of -13 dB across the whole bandwidth.
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However, in narrowband designs, instead of using an EBG, surface waves can be sup-
pressed by the use of a thin substrate with a lower permittivity value. This ensures
that the angle of incidence is below the critical angle [26, pp. 205-206].
Technologies other than microstrip reduce unwanted radiation from the feed, to achieve
a low SLL. They can also reduce the insertion loss, but are more costly and complex to
manufacture. In [99], subarrays of 2 × 2 elements with a SLL of -13 dB were combined
into a 16 × 16 element array with a SLL of -25 dB. Within the waveguide feed, the
septum offsets and port widths of the unequal dividers were adjusted to achieve a 2D
amplitude taper. In [94], a substrate integrated coaxial line (SICL) feed achieved an x-
and y-direction SLL of -19.6 dB and -18.0 dB respectively. A Dolph-Chebyshev taper
was produced by adjusting the radial dimensions of each blind via.
Substrate integrated waveguide (SIW) is another low-loss transmission line technology,
employing closely-spaced vias to maintain a reflective boundary condition. It is also
more costly to manufacture than microstrip. In [100], two sets of 30 GHz SIW Butler
matrices were stacked at 90°, achieving 2D beam steering with an insertion loss of 0.97
dB per Butler matrix. A SLL below -9 dB was achieved at the maximum steering angle.
2.4.2 Lens Antennas
A plano-convex lens focuses wavefronts from a point source to a plane wave. Fermat’s
principle states that a ray of light travels along the path which takes the least time
[101, pp. 105-109]. It can be used to derive optical path lengths and Snell’s law of
refraction [101, pp. 100-101, 149-155]. If the wave enters an optically dense medium, it
bends towards the normal at the interface [50, pp. 34-37]. The ratio of the refractive
indexes determines the angle of transmission (k1 sin θi = k2 sin θt), where θi and θt are
the incident and tranmitted ray angles respectively. The guided wavelength in a more
optically dense medium is shorter because the velocity of the wave is slower than in
free-space [4, p. 34]. The focal length F of a lens is the distance from the front lens
surface to the focal point.
A biconvex lens with a front and back surfaces can be designed using the lensmaker’s
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Figure 2.15: Ray diagram for a thin biconvex lens.
equation [101, p. 159]:
1
F
= (n− 1)
(
1
R1
− 1
R2
+
(n− 1)d
nR1R2
)
(2.28)
where n is the refractive index of the lens material, and R1 and R2 are the radii of
curvature of the front and rear surfaces of the lens, and d is the lens thickness.
The lateral magnification (focusing gain) is determined by the ratio of the image dis-
tance di and the object distance do, calculated using similar triangles. For a thin
lens [101, p. 159]:
1
do
+
1
di
=
1
F
(2.29)
Several other types of lenses are available, including inhomogeneous lenses:
 Hyperboloidal lens achieves the optimal phase distribution.
 Extended hemispherical lens approximates a hyperboloidal lens.
 Elliptical lens places the feeding antenna at one of the foci of an ellipse.
 Parallel plate waveguide is a metallic lens which uses a varying impedance (waveg-
uide height) to focus the beam.
 Spherical lens: feeds can be placed around the lens to produce multiple beams.
Gradient refractive index (GRIN) can be used, e.g. a Luneburg lens.
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A commercially patented design based on curved lens tiles has been used to extend the
steering range (field of view). Ray tracing was used to calculate the optimal permittivity
profile for wide scanning (between pm45° and pm70°), and the profile was discretised
into several homogeneous sections [102].
A Luneburg lens is a sphere of dielectric material whose refractive index has a gradient.
This focuses parallel rays (a beam) to a point on the opposite side of the sphere (or
vice versa: to focus a low-gain point source into a beam). For a Luneburg lens, the
permittivity profile is given by  = 2− r2
R2
, where r is the radial distance from the centre
of the sphere, and R is the outer radius of the sphere [103].
Hongda Lu et al. [104] recently reported a metallic Luneburg lens. By carefully opti-
mising the curved shape of the upper surface of the waveguide, and the metallic post
unit cells, multiple beams were produced at several different frequencies: 26.5 GHz,
29.5 GHz, 36.5 GHz and 40 GHz. The scan loss at 50° was below 0.7 dB and the
aperture efficiency was between 51.3% and 78.9%. Doucet et al. optimised the shape
of the focal arc of a parallel plate waveguide lens. The RMS path length error was
compared for different polynomial profiles, and minimised to achieve a low scan loss of
0.6 dB [105].
In [106], a flat Luneburg lens made from composite materials was reported, capable of
steering to 34° with a boresight directivity of 17.96 dBi and a scan loss of at least 2.01
dB. A coordinate transformation was applied to the permittivity tensor, to produce an
anisotropic refractive index profile [107], as shown in Fig. 2.16.
A perforated dielectric containing cylindrical holes, where the Jacobian matrix J =∂y′∂y ∂y′∂z
∂z′
∂y
∂z′
∂z
 defines the mapping ′ = JJT /det(J) from virtual space  to physical
space ′ [108]. Beam steering up to ±42° was obtained, with a scan loss of around 4.5
dB [103].
This section examines metamaterials, and their use within lenses. The first metama-
terial was predicted by Veselago in 1968, and demonstrated by Pendry in 2000 [53].
Metamaterials can be split into several categories [109, pp. 354-356]:
EBG metamaterials: Bloch’s theorem states that the fields associated with a periodic
38 2. Literature Review: Beam Steerable Arrays and Lens Antennas at Millimetre
Wave Frequencies
Figure 2.16: Transformational optics lens design procedure [108]. ©2014 IEEE.
structure form a basis of wavefunctions with the same periodicity as the structure.
This causes dispersion: passbands and stopbands can form [50, pp. 370-378], much like
the bandgap within a semiconductor lattice (and the corresponding Brillouin zones in
reciprocal space). Bloch’s theorem extends Floquet’s theorem to three dimensions [109,
pp. 27-28].
Metamaterials can produce a plasmon resonance to achieve transparency in the pass-
band, or opacity in the stopband [110] [111, p. 15]. Resonance occurs when the real part
of the permittivity is zero, at a frequency determined by the Drude model [109, pp. 148-
149]:
(ω) = 0
(
1− ω
2
pe
ω2 − jωγe
)
(2.30)
where ω is the angular frequency, ωpe is the plasma frequency, and γe is the collision
frequency. The formula for the permeability is in the same form.
Double negative (DNG) metamaterials, which have  < 0 and µ < 0, and thus
a negative refractive index (n < 0). In DNG metamaterials, the power flow (indicated
by the Poynting vector) travels in the opposite direction to the wave propagation, i.e.
backwards [111, p. 6-9]. They are known as ‘left-handed’, due to the direction of the E
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and H field vectors. Their equivalent circuit is the dual of that of a conventional (‘right-
handed’) transmission line or material [111, pp. 10-15]. When used within lenses, DNG
metamaterials can produce a superlensing effect, because the near-fields are focused
twice. This effect has applications in subwavelength imaging [109, p. 307-310].
For DNG metamaterials, Faraday’s and Ampe`re’s laws are expressed as [109, p. 144]:
∇×E = −µ0∂H
∂t
−M (2.31)
∇×H = 0∂E
∂t
− J (2.32)
where the electric and magnetic current densities are defined as [109, p. 144]:
J(ω) = jω0
ω2pe
jωγe − ω2 E(ω) (2.33)
M(ω) = jωµ0
ω2pm
jωγm − ω2 H(ω) (2.34)
As a purely left-handed structure is difficult to achieve in practice, they are usually
implemented as composite right-left-handed (CLRH) metamaterials. Examples include
split-ring resonators, holes in dielectric slabs or conductors, conductive wires, or alter-
nating layers of silver and dielectric [109].
Several other remarkable properties of metamaterials have been demonstrated, for use
in lenses [112] [113] [114]. A metasurface was designed to produce a cloaking effect, by
manipulating surface waves on a conformal surface [112]. This was used to design a
curvilinear metasurface which can refocus a beam in the presence of a dielectric obstacle
[113]. The unit cell consisted of square holes and strips, operating at 10 GHz. Both
the electric and magnetic currents were controlled by adjusting the mutual capacitance
and inductance. The unit cell was modelled as a non-homogeneous transmission line,
enabling fine control of its impedance, and hence the amplitude and phase of the fields,
at each point on the curved surface [113].
Disordered composite materials were used within a slim Luneburg lens, operating at 3
GHz. Beam focusing to angles up to ±60° was achieved [115]. In another Luneburg
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lens design, the optimum sphere packing of metaparticles for plasmon resonance was
assessed. This approach, which is independent of polarisation, was demonstrated for
both 10 GHz and visible optics [116].
Additionally, extraordinary optical transmission through the holes in a fishnet metalens
has been used to reduce the thickness of the lens, as the illumination is improved, and
matching layers are not required [114]. The near-zero index metamaterial (NZIM) unit
cells create a negative refractive index at frequencies below 96 GHz, which enables the
phase error across the lens surface to be reduced, increasing the directivity and reducing
the SLL to -20.7 dB in the H plane [114].
Quasi-optical methods can be used to increase antenna gain at microwave and mil-
limetre wave frequencies. Lenses focus the wavefronts towards a particular direction,
so that they are nearly flat (parallel rays). An efficient lens achieves a directivity in-
crease whilst introducing minimal insertion loss. Theoretical details will be discussed
in Chapter 4 Section 4.1. Several different types of lens are available, for example,
ellipsoidal [117] and Luneburg lenses [103], refractive domes [118], and Fresnel zone
plates [119].
A foundational study by Wu et al. [117] describes an ellipsoidal dielectric lens placed
onto a 2D array of microstrip patches operating at 30 GHz. Beam steering (±20° in
both directions) was achieved by switching between the elements. The antenna provided
circularly polarised radiation at all steered angles, and exhibited a scan loss of 1.8 dB.
Homogeneous spherical lenses can also be used to achieve focusing. In [120] and [121],
a spherical lens was designed to support multiple beam directions. Each of the 33 focal
points on the lens surface was fed by a Vivaldi antenna, to increase the bandwidth. As
seen in Fig. 2.18(c), the azimuthal steering performance was excellent, with zero scan
loss, but elevation steering was achieved mechanically, limiting the steering speed and
reliability. The antenna has a very low SLL (<-20 dB). However, beam steering using
this approach would require the use of a single-pole multi-throw switch, which has a
high cost, complexity, and insertion loss.
An E-band backhaul system was implemented using switches [122], with a scan loss
of 0.9 dB and a high insertion loss of 18 dB. A measured gain of up to 15 dBi was
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Figure 2.17: Steered radiation patterns of a 20 GHz phased array before and after
applying a dielectric dome lens [118]. ©1990 IEEE.
achieved for the fixed beam positions. In [123], the insertion loss was reduced to 9 dB,
and the steering range was extended from ±17° to ±40° by locating the feed elements
on an arc around the lens surface. However, the scan loss increased to 3.8 dB due to
the additional length of the feeding lines for wide steering angles. Similarly, a switched
design with a beamwidth below 1° faciliated a 71-76/81-86 GHz backhaul link with a
range of 1.5 km [124]. This contrasts with [125], in which continuous scanning was
accomplished by adjusting the excitation amplitudes at the feeding elements, to shift
the phase centre relative to the centre of the feed (lens focal point). By improving the
beam alignment, the pointing loss was reduced by up to 1.87 dB.
Beam crossover level is a challenge for switched beam designs having a low beam steering
resolution. A multibeam SIW lens with excellent steering performance and a high beam
crossover level was demonstrated in [126], providing an alternative to phased arrays in
terms of a wide steering range (±39°), and a wide bandwidth from 57 – 66 GHz.
However, it required a costly and complex 16-layer PCB, whose transmission lines and
switches incurred a large insertion loss of 12.2 dB, reducing the total efficiency to just
6%.
Focusing can be achieved by using a dielectric dome lens, whose thickness varies with
elevation angle. A historic example is [118]. As the array scans towards end-fire,
the dome bends the rays further from their incidence angle, producing full-hemisphere
coverage. However, this is at the expense of a 3 dB reduction in boresight gain (Fig.
2.17).
Sophisticated lens shape optimisation techniques are now available to fulfil multiple
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Figure 2.18: Spherical lens antenna. (a) 33 elements placed around a 77 GHz spherical
lens, and the ray diagram [120], (b) 71 GHz switch network [123], (c) Radiation patterns
at each of the feed points around the spherical lens, showing very low SLL and scan
loss [120]. ©2002, 2018 IEEE.
objectives. In [127], a pareto ranking algorithm was proposed to produce multiple foci
around an arc, using objective functions based on gain and SLL. Additionally, when
optimised by geometric optics, a dielectric lens mounted above a 60 GHz horn antenna
enhanced the steering range [128]. The lens was mechanically rotated on a lever to
50°, so was able to reduce the scan loss to 1.1 dB at 45°. Transformational optics
has also been investigated to increase the steering range. In [2], a gradient-refractive
index (GRIN) lens was used to focus radiation from an 8-element 3 GHz conformal
phased array to azimuth angles up to ±50°. Although the SLL was very low (-17 dB),
beamwidth broadening still occurred. More recently, a dielectric dome was designed
to widen the steering range to 70° [129]. Ray tracing optimisation was used to reduce
the lens height to one third of the array size. However, although the measured gain
increased by 1.5 dB at the maximum steering angle, the boresight gain reduced by 1
dB.
2. Literature Review: Beam Steerable Arrays and Lens Antennas at Millimetre
Wave Frequencies 43
(a) (b)
Figure 2.19: 60 GHz flat dielectric lens. (a) Photograph of the fabricated lens, (b)
Measured H-plane radiation patterns for different feeding positions [132]. ©2015 IEEE.
Multiple fixed lenses can be used to increase the steering range. A plano-convex objec-
tive lens has been combined with a hemispherical lens to extend the scanning range of
aperture-coupled patch elements. The elements were placed at different positions along
the x-direction. The scan loss was reduced to 1.2 dB at 30° in both planes [130]. A
dual-lens system was also employed within a millimetre wave imaging system operat-
ing over the frequency range 200 – 600 GHz [131]. A wide field-of-view of ±25.4° was
obtained, and curve-fitting was applied to optimise the lens shape and reduce focusing
aberrations.
A flat dielectric lens can be produced by drilling holes in the material to vary the
effective dielectric constant across the radius of the lens. This was demonstrated at
60 GHz and 77 GHz [132]. Beam scanning was performed by physically displacing
the feed antenna, resulting in a high scan loss of 4.6 dB. A low temperature co-fired
ceramic (LTCC) process was then used to reduce dielectric losses [133], achieving a very
wide bandwidth from 57 – 66 GHz and a total efficiency above 70%. Using a channel
sounder in an indoor environment, it was found that the cylindrical LTCC lens reduced
the root-mean-square (RMS) delay spread of the received signal, enabling a potential
capacity increase.
A Fresnel lens (or zone plate) consists of concentric rings of phase change, which focus
the waves to or from a focal point, by constructive interference. Zoning is an estab-
lished way to reduce the thickness of a lens [119]. Zone plate lenses have commonly
been used for single beam directions, or for a narrow steering range. They could find
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Figure 2.20: Lens antenna based on transformational optics. (a) Lens design containing
multiple drilled holes (above) and conformal feeding array (below), (b) Measured H-
plane radiation patterns at 3.0 GHz for different phase shifts [2]. ©2018 J. Lei et al.,
from Nature Scientific Reports, available under a CCBY v4.0 license.
(a) (b) (c)
Figure 2.21: Dual-lens system operating at 200–600 GHz. (a) Lens design, fed by
multiple horn elements, (b) Fabricated lenses and corresponding field magnitudes after
refocusing, (c) Simulated radiation patterns at 250 GHz [131]. ©2018 IEEE.
applications in backhaul links, where a small pointing correction is needed to account
for misalignment, for example due to wind effects [122]. Shadow blockage from the
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Figure 2.22: 550 GHz piezoelectric translated lens. (a) Photograph of fabricated lens,
(b) Direction of the refracted beam from a single element [134]. ©2019 IEEE.
grooves can reduce the focusing efficiency [135]. Subzoning can be used to increase the
focusing gain of a zone plate, by more closely approximating the ideal phase distribu-
tion (see Chapter 4 Section 4.1). A pressed foam subzoned lens with an optimised horn
feed was presented in [136]. It was found that by smoothly compensating for the phase
wrap due to the zoning, the aperture efficiency and bandwith can be improved.
In [137], a gain of 27.3 dBi was produced by a large zone plate lens mounted above a
single patch operating at 30 GHz. The lens was translated to achieve elevation steering
from 0 – 50°, and rotated by 360° in the azimuth direction. Scan loss was reduced
by optimising the lens for a 25° elevation angle. More recently, a piezoelectric motor
was used to steer a beam to 20° by translating a silicon lens above a leaky waveguide
operating at 550 GHz [134]. The measured scan loss of 0.6 dB at 20° was low, due
to the use of a matching layer to create uniform illumination from the leaky feed.
However, the reconfiguration speed of mechanically steered lenses is limited; 5G/6G
mobile networks require a fast beam steering speed to support user mobility. Advanced
designs based on multiple lenslets have also been recently proposed [138] [139]. These
have a reduced thickness compared to a single lens, but to overcome grating lobes,
they require an electro-mechanical approach to steer both the element factor and array
factor simultaneously.
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Figure 2.23: 29 GHz circularly polarised reconfigurable transmitarray. (a) Transmi-
tarray structure, (b) Simulated and measured radiation patterns at 0° and -40° [140].
©2017 IEEE.
2.4.3 Transmitarray Antennas and Phase-Shifting Surfaces
Transmitarrays and phase-shifting surfaces (PSS) are an established method to produce
a high-gain beam [142]. They consist of an array of unit cells placed above a feeding
antenna [143]. Phase shifts are applied to the unit cells, between elements on the receive
and transmit surfaces, to focus the incident wavefronts from the feeding antenna [143].
These thin surfaces can be used instead of a dielectric lens. Unlike phased arrays,
transmitarrays do not require a feed network, so losses can be greatly reduced [140].
Similarly, they have an advantage over reflectarrays in that feed blockage is avoided
[144]. It is worth clarifying that transmitarrays can be used in both transmit and
receive modes: the waves are transmitted through the structure in either direction.
It is useful to compare the performance of a PSS against a switched design with
amplitude-only control at the unit cells. In [110], switchable transparency via plas-
mon resonances was studied, but as half of the Fresnel zones were blocked, only half
of the maximum focusing gain was available, and the SLL was high (-3 dB). Oh et
al. [145] [146] reported a phase-shifting surface (PSS) lens fed by a phased array. A
boresight gain of 19 dBi was achieved, over a narrow steering range of ±20°. When fed
by a dipole in [147], a focusing gain of 11.2 dB was achieved, with a scan loss of 2.2 dB.
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Figure 2.24: Reconfigurable transmitarray. (a) Guided-wave unit cell design, (b)
Fabricated transmitarray prototype, (c) Measured E-plane radiation patterns at 5.2
GHz [141]. ©2012 IEEE.
Transmitarrays can be split into two types: fixed and reconfigurable. First, consider
fixed transmitarrays. At each location on the surface of the structure, the unit cells
are physically scaled or rotated in order to obtain the required amplitude and phase
distribution. Thus, only one focusing direction is available. High aperture efficiency
(55%) was achieved in [148] at oblique angles of incidence using precision-machined
double split ring slot unit cells. A switched-beam transmitarray covering the 57 - 66
GHz band was reported in [149]. Three different types of unit cells were used, based
on patches and coupling slots. Similarly, a 60 GHz design used unit cells with a 2-bit
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phase resolution and selected an optimal F/D ratio to widen the bandwidth [150].
When F/D = 0.5, a scan loss of 2.2 dB was achieved at a 30° steering angle.
In a reconfigurable transmitarray, the focusing direction is determined by electronically
controlling the phase shift through each unit cell [141]. This enables the beam to be
steered towards the user. PIN diodes can be used to enable fast phase reconfiguration
with an insertion loss below 1 dB [140]. However, a large number of components is
typically required, which increases the cost.
It has been shown that transmitarray implementation can be divided into two ap-
proaches: layered-scatterer and guided-wave [151, pp. 8–9]. The first approach uses
multiple coupled layers to achieve a phase shift, but has poor SLL performance when
steering due to higher-order Floquet modes. The second approach enables wider steer-
ing, at the expense of increased hardware cost and complexity.
A reconfigurable transmitarray, operating at 29 GHz with circular polarisation, was
demonstrated as a beamformer in [152]. A boresight gain of 20.8 dBi was achieved,
and the scan loss was 2.5 dB at 40°. Another implementation example is an active
Fresnel reflectarray with control circuitry for the PIN diodes [153]. Although the unit
cells were optimised, the scan loss was 3.4 dB at 30°. Reconfigurable near-field focusing
can be implemented using slots containing PIN diodes [154]. By adjusting the phase
compared to a reference wave, holographic principles enabled the use of a compact,
planar feeding structure and suppression of undesired lobes. This was extended in [155]
to an implementation of a Mills cross based on PIN diodes, in which an aperture was
synthesised for imaging applications. Radial stubs were used to isolate the bias lines
from the RF. By switching combinations of meta-elements on or off, the scan loss was
0 dB for steering angles of ±30°, but the total efficiency was only 35%.
Different types of unit cells have been used within the same transmitarray. In [156],
slot elements were placed near the centre of the transmitarray, as their polarisation
performance is better at normal incidence, whereas double square ring slot elements
were used at the edges, as they perform better at oblique incidence angles. This enabled
the subtended (flare) angle of the feed horn to be increased, and hence the length of
the horn, and the overall antenna size, to be reduced. Unit cells were not required
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at the centre of the transmitarray, where the phase shift was 0°. This reduced the
insertion loss to around 1 dB at 105 GHz, as the majority of the beam amplitude was
in the central region. In a different design, SIW aperture coupling was employed to
reduce insertion losses and widen the bandwidth of a transmitarray operating at 140
GHz [157]. Due to the large number of vias required, this performance improvement
was at the expense of a more complex and costly fabrication.
Recently, a transmitarray was fed by a planar phased array operating at 10 GHz,
in order to achieve a high beam crossover gain level whilst maintaining an aperture
efficiency of 57.5% [158]. The scan loss was 3.13 dB at ±30°. Similarly, a lens-enhanced
phased array antenna is shown in Fig. 2.25(a) [159]. By combining the beam steering
capabilities of phased arrays and the focusing properties of transmitarrays, this hybrid
antenna has a smaller form factor [160], and steers to ±45° in both planes with a
3.2 dB increase in directivity at this angle. Its reconfigurable phase-shifting surface
(PSS) contained micro-electro-mechanical (MEMS) switches to change the length of
resonators, sandwiched within an antenna-filter-antenna structure. The PSS created
the optimal 2D phase distribution needed to achieve high-gain beam focusing, but
the MEMS fabrication process was complex and costly, requiring a large number of
control lines. MEMS and other mechanical switching methods can achieve a relatively
low insertion loss (2.5 dB) and an excellent linearity, but are prone to stiction and
reliability issues [7].
A key challenge in transmitarray design is that the insertion loss increases with the
number of conductor layers within the unit cell. In [114], it was shown that the op-
timal number of layers to maximise the gain (directivity vs. loss) is 3 layers. This is
corroborated by the analysis of cascaded sheet admittances formulated in [162]. How-
ever, for scenarios when cost and efficiency are more important, a low-cost two-layer
transmitarray may be preferred [163]. Alternatively, the efficiency can be improved by
integrating the antenna used to feed the transmitarray within a monolithic chip, as
recently demonstrated in the D-band frequency range (114 – 144 GHz) [164]. Another
high-gain transmitarray was demonstrated, operating at D-band (110 – 170 GHz) [165].
The F/D was optimised to maximise the aperture efficiency. The antenna was con-
nected to an integrated frequency multiplier to demonstrate a communication link. A
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Figure 2.25: Lens-enhanced phased arrays. (a) A PSS-enhanced phased array with
wide scanning capabilities [159] ©2007 IET, [161] ©2008 EuMA, (b) Switched array
of 7 elements beneath a PSS lens [146]. ©2014 IEEE.
data rate of 1 Gbps was achieved over a distance of 2.5 m, with an EVM of 25% [166].
As explained in Section 2.3, the gain of a planar structure falls when steering to wide
angles, due to having a finite projected area. One possible solution is to use conformal
transmitarrays [167], whose side panels are aligned with wide steering angles. In [168],
a 400-element 3-facet transmitarray achieved a simulated boresight directivity of 27.4
dBi, and a scan loss of 1.9 dB at 50° for a panel tilt angle of 70°. For large values of
tilt angle, the fractional bandwidth increased [168], and the maximum steering angle
was extended to 80°. A conformal transmitarray design has also been proposed for
aerodynamic antennas in aircraft [169], with a relatively high boresight SLL of -13 dB.
This was demonstrated experimentally in [170], with a steering range of ±15° and an
insertion loss of up to 3.6 dB. Another example achieved mechanical beam steering to
±75° with a simulated gain of 28.9 dBi, albeit with a scan loss of 3 dB [171].
A multifaceted active deflector operating at 60 GHz was proposed in [59]. This is one of
the first examples of a reconfigurable conformal PSS. A 4-faceted pyramid (frustrum)
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Figure 2.26: Conformal transmitarray design with 3 facets, showing different unit cells
required to realise 3-bit phase quantisation [168]. ©2018 IEEE.
was investigated, along with a half-truncated icosahedral (buckyball) shape. The ad-
vantage of these topologies is a wide angular coverage up to ±90°, but the disadvantage
is a 3 dB reduction in boresight gain. Each unit cell contained two patches separated
by a crossed-slot aperture, and a CMOS power amplifier (PA) integrated circuit (IC).
A beam crossover criterion was proposed to achieve a quadratic phase distribution at
the join point between panels. A buckyball lens with a negative refractive index us-
ing a split-ring resonator (SRR) metamaterial has been patented [172]. The negative
refractive index increased the steering range, but the total efficiency was below 50%.
Reconfigurable materials have shown promise for enabling a low-loss beam steering
transmitarray. A vanadium dioxide reconfigurable metasurface operating at 100 GHz
was presented in [173] using a crossed-slot unit cell. A heating element was used to
thermally control the phase shift through each cell. Liquid crystal reflectarrays have
been extensively investigated at 78 GHz and 100 GHz [174] [175] [176]. In [177], a fishnet
metamaterial lens was designed, using liquid crystal to achieve a 360° electronically-
controlled phase range. The 5 dB unit cell insertion loss could be reduced by controlling
the Bloch impedance (both r and µr) of each unit cell [178]. The advantage of liquid
crystal is that its loss tangent reduces with frequency, however it suffers from a slow
switching time of around 100 ms and fabrication difficulties.
The bifocal technique has been proposed to extend the steering of both reflectarrays
and transmitarrays to wider angles [179] [180] [181]. In [181], the phase distribution
was calculated as a Gaussian-weighted mean of the phase distributions for each focus.
This was used in [180] to reduce the simulated scan loss to below 0.53 dB at ±30°.
52 2. Literature Review: Beam Steerable Arrays and Lens Antennas at Millimetre
Wave Frequencies
The insertion loss of the switch between feed horns was not included in the simulated
directivity values. In order to capture radiation from both foci, the transmitarray must
be oversized, reducing the radiation efficiency due to taper losses [179].
Another challenge is the high cost of millimetre wave components. Within a transmi-
tarray, each unit cell contains e.g. at least one PIN diode. Thinning algorithms have
been used to reduce the number of elements in phased arrays [182], but these have not
yet been applied to transmitarrays. Particle swarm optimisation enables the synthesis
of transmitarrays with limited phase range, whilst still maintaining a low SLL [183].
However, this algorithm required 4000 iterations to converge to a solution, and cannot
be expressed as a simple rule.
The main finding of this section is that transmitarrays can achieve more flexible recon-
figuration compared to fixed lenses, but currently lack the ability to prevent beamwidth
broadening and can suffer from large insertion losses.
2.5 Comparison Between Beam Steering Techniques
Table 2.2: Comparison of the advantages for each type of antenna.
Scan Loss Mitigation Method Advantages Disadvantages Ref.
Phased Arrays, Metamaterials, and Leaky-Wave: Electronically steerable Loss increases with array size
Subarrays Only need phase-shifter control Reduced boresight gain [74]
Reconfigurable elements Wide steering range Complex manufacture, insertion loss, nonlinearity [76] [30]
Metamaterials Wide steering range Reduced boresight gain, narrowband [64] [79]
Leaky-wave antennas Low-cost, continuous beam steering Complex manufacture, mismatch [86]
Lenses: High boresight gain Bulky
Spherical lens Very high gain, low SLL Large switch insertion loss [120] [123]
Refractive dome Continuous beam steering Reduced boresight gain [118] [129]
Transformational optics Reduced physical size Complex manufacture [2]
Dual-lens system Low SLL Bulky, often mechanically steered [130] [131]
SIW lens beamformer High crossover level, wide steering range Large switch insertion loss [126]
Transmitarrays: Thin shape, reconfigurable Complex biasing arrangement
Conventional transmitarray No phase shifters needed Scan loss, beamwidth broadening [140] [141]
Phased-array-fed transmitarray Steering not required within transmitarray panel Higher cost (phase shifters) [159] [145]
Conformal reconfigurable deflector Wide steering range Reduced boresight gain, PAs required [59]
Conformal transmitarray Wide steering range, wide bandwidth Reduced boresight gain [168] [169]
Bifocal transmitarray Wide steering range, low scan loss Reduced radiation efficiency due to spillover [181] [180]
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Scan loss is an important problem to solve for two reasons. Firstly, it limits the useful
steering range, so more sectors are needed to cover 360° in the azimuth direction.
Secondly, unlike other impairments such as SLL increase, it reduces the received signal
power, even when interference is absent. To overcome scan loss, the directivity of a
phased array cannot be indefinitely increased, partly due to mutual impedance [35,
p. 306]. Practical attempts to realise supergain arrays have required large excitation
currents and have been sensitive to the tolerance of these values [35, pp. 309-317].
Simply increasing the transmitted power or the array size is not an effective solution
to scan loss at millimetre wave frequencies. If the peak power is increased for wide
steering, the power amplifier will operate at backoff for the boresight direction, reducing
the efficiency [26, pp. 319-333]1. Similarly, the long feed lines in a large array incur
high conductor losses, also reducing the efficiency [33] [184]. This motivates the design
of novel antennas with low scan loss.
Table 2.2 presents the advantages of different beam steering techniques. All of the
antenna designs can be steered to at least ±20°. As seen Table 2.2, phased arrays
on their own are unable to fully mitigate scan loss, even with novel element designs or
configurations. Lens antennas can achieve higher gain than conventional phased arrays,
at the expense of increased physical size. Transmitarrays and lenses based on trans-
formational optics can achieve a performance equivalent to that of conventional lenses,
with reduced physical size, but at the expense of increased fabrication complexity. A
spherical lens is able to capture the majority of the radiation from a feeding element,
offering a high radiation efficiency (above 55%). A dual-lens system (lens doublet)
enables the feeding elements to be placed on a focal plane rather than a focal arc [131].
This enables the use of a low-cost planar feeding antenna [185]. However, as the lens
diameter is reduced, a dual-lens antenna may require more directional feeding antennas
to reduce spillover losses. The bifocal technique is able to mitigate scan loss, by using
a different focal point for each part of the steering range. It has the opposite problem
1This problem has not yet been solved. Doherty amplifiers increase the efficiency, but only at
high power levels. Constant modulus waveforms have been proposed to address this problem. For the
soft-switching design presented in Chapter 4, the amplifiers corresponding to the larger signals (array
excitations ai) will be operating with higher efficiency.
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to the dual-lens: its main drawback is a reduced taper efficiency [179].
In Table 2.3, there is a trade-off between gain and steering range. A dash in Table 2.3
represents an unknown value. The conventional phased array is based on simulation
results for an ideal array without a feed network (see Fig. 3.6 in Chapter 3). Methods
which increase the steering range tend to reduce the boresight gain, for example meta-
materials [64] and dielectric domes [118] [186] [129]. The element factor determines this
trade-off: for designs with a broad element factor, the equivalent gain is lower but wide
steering is achieved [79]. For designs which focus the available power into a narrower
beamwidth, the gain is higher but it is more challenging to steer to wide angles [145].
Table 2.3: Performance comparison for state-of-the-art designs.
Design Operating
Frequency
Number of
elements
Steering
range (°)
Measured
boresight
gain (dBi)
1D Scan loss
at 50° (dB)
Maximum
SLL (dB)
Equivalent
boresight
gain (dBi)
Conventional
Phased Array
28 GHz 8 ±56 14.0 2.7 -12.2 14.0
Lens fed by
a Phased
Array [145]
28 GHz 7 ±30 19 6 -12.1 19.56
Phased Array [71] 28 GHz 16 ±49.5 19.88 1.18 -12.1 16.38
Beamformer [46] 30–40 GHz 6 ±54, ±54 15.4 - - -
Lens [129] 12-14 GHz 256 ±70 21.6 1.4 -8.5 14.72
Metamaterial [80] 11 GHz Rx,
14 GHz Tx
- ±70, ±70 35.3 - - -
Phased Array [79] 5.2 GHz 64 ±75, ±75 19 1.5 -10 11.38
Lens [120] 77 GHz 33 ±90, 0 - 20 28 0 -15 16.17
Lens [123] 71 GHz 16 ±40 19.6 3.8 -14 11.26
A scaling method was used in Table 2.3 to fairly compare the performance of antennas
with different array spacings, operating frequencies, and array sizes. A similar metric
was proposed in [187].
Equivalent gain is defined as the gain of an antenna for the same spacing and frequency
as a reference antenna. The boresight gain (G) of a 2D array is proportional to the
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total number of elements NM and the spacings between the elements dx and dy
1.
G ∝ NM 4pidxdy
λ20
(2.35)
A conventional 8-element phased array with half-wavelength spacing is selected as the
reference antenna. The equivalent gain of a new antenna is calculated by subtracting
the gain difference ∆G (in dB), as in (2.37). An array which achieves a higher gain
with fewer elements is preferable, as this ensures a higher feed network efficiency.
∆G = 10 log10
(
N2M2dx2dy2λ
2
1
N1M1dx1dy1λ22
)
dB (2.36)
G
′
2 = G2 −∆G (2.37)
where G1 and G2 are the gains of the reference and new antenna respectively, and G
′
2
is the equivalent gain of the new antenna. N1 and N2 are the numbers of elements
in the x-direction for the reference and new antenna respectively, M1 and M2 are the
numbers of elements in the y-direction for the reference and new antenna respectively,
and λ1 and λ2 are the wavelengths of the reference and new antennas respectively.
Now the performance of phased arrays and switched-beam lens antennas is compared,
as the number of radiating elements, N , is varied. It is assumed that both types of
antenna have a single port. In phased arrays, all of the elements are used to form the
beam, whereas the switched beam approach excites a single radiating element for each
beam direction.
For a linear phased array, the directivity increases proportional to N (and the array
length) [5, p. 418]. However, the conductor loss also increases as the feed network
lines become longer. For a square array, combining both terms from [160] gives a gain
proportional to N2e−(N−1)αfeedλ0 , where αfeed is the loss constant of the feeding lines.
Thus, beyond an optimal array size, there is a diminishing increase in gain as more
elements are added. The phase shifter insertion loss is independent of the number of
elements. However, as the beam steering resolution increases, the insertion loss of each
phase shifter also increases, so the total efficiency reduces.
1This is shown by setting the azimuth and elevation angles to zero and removing the 1/NM
normalisation of the array factor in [5, pp. 311, 323] [4, pp. 118-119, 166].
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Figure 2.27: Directivity and loss trade-offs for a phased array and a switched-beam
lens antenna, both operating at 28 GHz towards the boresight direction.
In a switched-beam antenna (using a Luneburg lens, Rotman lens, or Butler matrix)
the total insertion loss is proportional to the number of switch layers, according to
log2(N). The directivity is independent of N , because it is determined by the lens.
Thus the gain reduces as the number of elements is increased. Switched beams produce
discrete steering, so the crossover gain level is lower than for high resolution phased
arrays. Plotting the directivity and loss against N in Fig. 2.27 reveals the optimal
number of elements for each method.
The lines in Fig. 2.27 correspond to the following formulae:
Garray = 6.37 + 10 log10(N)− 6− 10αfeedλ0(log2(N) + 2) dBi (2.38)
Gswitched = 30.3− 2 log2(N)− 10αfeedλ0(log2(N) + 2) dBi (2.39)
where Garray is the realised gain of a phased array, Gswitched is the realised gain of a
switched-beam lens antenna, N is the number of elements, αfeed is the feed line loss
constant, and λ0 is the free-space wavelength in mm. Note that 6.37 dBi is the gain of
a microstrip patch. The formulae assume that αfeed = 0.01163 dB/mm, a phase shifter
insertion loss of 6 dB [188], and a switch insertion loss of 2 dB [189]. The directivity
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value of 30.3 dBi is from [123]. The loss lines intersect where the total efficiencies of the
two approaches are equal. A switched-beam lens antenna is low-loss for a small number
of radiating elements (N < 8), whereas phased arrays maintain an insertion loss below
9 dB for a larger number of radiating elements (8 < N < 50). A hybrid design could
combine the reduced insertion loss of small phased arrays with the focusing directivity
of lens antennas.
A similar argument applies to transmitarrays. The projected area of the feeding antenna
determines the illumination efficiency of a transmitarray panel. Provided that the
insertion loss of each unit cell is minimised, an aperture area appropriate to the feed
radiation pattern can efficiently focus the wavefronts from the feed. If the panel is
tilted to apply focusing at wide steering angles, it could reduce the scan loss.
2.6 Research Directions for the Thesis
The following lines of enquiry have been identified from the analysis above.
Firstly, the sidelobe level of phased array antennas needs to be controlled to reduce
interference. Current methods use complex and costly multilayer structures. It appears
that a low-cost microstrip feed network capable of applying an amplitude taper is not
currently available. This could find applications in base stations, in which it is desirable
to control the shape of the radiation pattern.
Secondly, most of the existing structures for scan loss mitigation broaden the element
factor. An unexplored avenue is the use of focusing directivity to counteract scan loss.
If the element factor beamwidth could be kept narrow, and aligned with the overall
steered beam direction, an acceptable boresight gain level (above 12 dBi) could also be
maintained.
Thirdly, transmitarrays have excellent focusing properties and a thin profile, but to
date, there have been few attempts to mitigate scan loss using a transmitarray. Recon-
figurable transmitarrays enable beam steering, but are costly, as they require a large
number of components and conductor layers in order to achieve a 360° phase range.
Reducing the number of layers and the number of reconfigurable unit cells could sim-
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plify the manufacturing process and reduce the cost of a dense deployment of access
points.
2.7 Chapter Summary
This chapter has explored the beam steering performance of phased arrays, lenses, and
transmitarrays. The causes of scan loss were identified and the theory and performance
of existing potential solutions were analysed. Lenses and fixed transmitarrays with a
single feeding antena are best-suited to point-to-point applications requiring a small
steering range up to ±20°, while phased arrays and reconfigurable transmitarrays enable
wider steering to support a wider range of user positions. Phased array antennas have
shown advantages in terms of continuous beam steering, and when metamaterials are
used, their steering range can be increased. However, at wide angles, conventional
array antennas suffer from a high SLL, which degrades their interference performance.
A target SLL value below -10 dB is desired. The overall trend in the literature is that
low-cost millimetre wave antennas with wide beam steering and high efficiency are not
yet available. In particular, scan loss mitigation is currently only achieved when large
insertion losses are introduced elsewhere in the design. A lens insertion loss below 2
dB and a passive feed network insertion loss below 1 dB are required.
Several gaps have been identified which are not fully addressed by previous work. These
include: low-cost sidelobe level reduction methods; the use of lenses to mitigate scan
loss; and the design of reconfigurable lenses, such as transmitarrays, to mitigate scan
loss whilst reducing the SLL in directions away from the main lobe. Ideally, these
sidelobes would be absorbed or reflected by the reconfigurable structure, but in this
thesis, only focusing of the main lobe will be investigated. The following chapters
present antenna designs for a 5G/6G scenario which are intended to address these gaps
in the state-of-the-art. The next chapter will focus on the design of a phased array.
Chapter 3
Feed Networks for Sidelobe Level
Reduction
As described in Chapter 2, it is necessary to minimise the sidelobe level to reduce the
effect of interference within communication systems. This is conventionally achieved
by adjusting the excitation amplitudes at the array elements. Existing methods to
implement this for a single feeding port are complex and costly to manufacture, and
suffer from amplitude and phase errors due to variability in the fabrication.
This chapter presents the design procedure for a set of novel feed networks for a phased
array, based on an existing unequal power divider. The procedure is able to set the
amplitudes at the array elements independently of the phases, whilst minimising the
insertion loss of the feed network. Stepped impedance transformers and iterative op-
timisation are not required. The procedure is validated by fabricating and measuring
the performance of a set of 8-element beam steerable antennas. They operate at 28
GHz, which is a frequency band for 5G communications.
A Taylor n-bar amplitude distribution is used to reduce the sidelobe level (SLL). Al-
though the tapered distribution widens the beamwidth and slightly reduces the gain, the
SLL reduction limits the effect of interference and hence increases the SINR. For com-
parison, a feed network with uniform amplitudes is also designed, using equal Wilkinson
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power dividers.
In the literature, an amplitude taper has been implemented using variable gain ampli-
fiers or attenuators [190]. This enables electronically-controlled real-time beam shaping
but has low efficiency. Instead, in this chapter, a fixed amplitude taper is realised within
the feed using power dividers. High power division ratios are required within the feed
network. To achieve this using conventional unequal dividers (for example Wilkinson
dividers [50, pp. 318-322]) requires narrow, high impedance lines. These are difficult
to fabricate using low-cost printed circuit board (PCB) etching techniques. Instead,
the unequal divider from [191] is used. It replaces these narrow lines with wider stubs,
making them easier to manufacture. The PCBs associated with the proposed feed
networks are referred to as Taylor PCBs.
The novel feed network topology has several features. Firstly, formulae for the ini-
tial parameters of the unequal power dividers are proposed. These parameters are
impedances and electical lengths. They enable independent control of the widths of
the lines in the unequal dividers, to satisfy the manufacturing constraints. Secondly,
meanders are used to create progressive phase shifts to steer the beam from 0° – 48°.
The feed designs can be mirrored to steer to both positive and negative angles (-48° to
+48°). A formula is proposed for the width of a meander line required to achieve a 50
Ω impedance. This width, which varies as a function of meander length, is correctly
chosen to minimise any amplitude variation caused by beam steering. This enables in-
dependent control over the amplitude and phase at each element. Thirdly, the feed was
implemented on a single layer of microstrip, without vias. This reduces the cost whilst
minimising the adverse effect of the feed on the radiation pattern. The procedure is
also suitable for other planar technologies, such as stripline, coplanar waveguide (CPW)
or substrate-integrated waveguide (SIW). Feed networks designed using the proposed
procedure could find applications in microcell base stations.
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Figure 3.1: Use of the Taylor distribution to reduce SLL. Effect of varying n¯ on: (a)
Excitation amplitudes, (b) Directivity and SLL of the theoretical boresight radiation
pattern for an 8-element phased array at 28 GHz.
3.1 Theory of Amplitude Tapering for Sidelobe Level
Reduction
Amplitude tapering is a well-established method for SLL reduction [35, pp. 59-62].
As observed in Fig. 3.1, the sidelobes of the array factor can be reduced by increas-
ing the amplitude of the excitation applied to the central elements, and reducing the
amplitudes applied to the edge elements. This is because there is a smoother tran-
sition between the field magnitude at the array elements and the region surrounding
the array. This concept is analogous to windowing in signal processing. The Taylor
distribution differs from other amplitude tapers in that the spacing between zeros of
the array factor increases towards the end-fire direction. For any steering angle, this
reduces the magnitude of the sidelobes in the direction towards the backlobe, helping to
suppress interference. In practice, the minimum achievable sidelobe level is limited by
the resolution of the phase shifters, and amplitude and phase errors [35, pp. 464-467].
The proposed feed network topology can be used to realise any desired amplitude
distribution (for which voltage split ratios Ki > 0.3). For comparison, two different
distributions are realised: 1) a uniform, and 2) a Taylor n-bar distribution, given by
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the well-known expression [35, p. 67] and shown earlier in Fig. 3.1(a):
g(p) = 1 + 2
n¯−1∑
n=1
F (n,A, n¯) cos(2pip) (3.1)
where: g(p) is the amplitude taper, p = 2Lx is the aperture variable, A is the SLL
parameter, n¯ is the SLL roll-off parameter, and F (n,A, n¯) is a function used to produce
array factor zeros of varying angular spacing [35, p. 67]:
F (n,A, n¯) =
(n¯− 1)!2
(n¯− 1 + n)!(n¯− 1− n)!
n¯−1∏
m=1
(
1− n
2
z2m
)
(3.2)
zm are the zeros of the corresponding array factor polynomial.
To obtain the amplitudes ai of the signals at each array element, (3.1) is expressed
as [35, p. 67]:
ai = 1 + 2
n¯−1∑
n=1
F (n,A, n¯) cos
(
2pid
(
i− N + 1
2
))
(3.3)
where i = 1, 2, 3, ...N . Values of ai were plotted earlier in Fig. 3.1(a) in Section 3.4.
3.2 Radiating Element Design: Microstrip Patch
Before designing the feed network, the phased array and radiating element were de-
signed. A rectangular microstrip patch was selected as the radiating element (Fig. 3.2).
It benefits from low-cost planar fabrication and a well-known radiation pattern. The
patch was designed to resonate at a centre frequency f0 = 28 GHz, with a bandwidth
(|S11| < 10 dB) of 1.06 GHz (3.78%). When operating at millimetre wave frequencies,
a narrowband patch is sufficient to cover the millimetre wave (mmWave) 5G signal
bandwidth (Fig. 3.3), which is typically up to 1 GHz [192].
The patch was placed on a Rogers RT/duroid® 5880 substrate (r = 2.2, tan δ =
0.0009 at 10 GHz) of thickness h = 0.254 mm, with a copper thickness of 0.017 mm on
both sides. The patch dimensions were calculated using the method from [4, pp. 187-
191], which is reproduced in Appendix A.2. The substrate must be extended beyond
the edge of the patch by at least λ0/4 to avoid finite ground plane effects (such as
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Figure 3.2: Physical dimensions in mm of the inset-fed patch element. (a) Top view,
(b) Side view, with arrows representing fringing of the E field from the radiating slots.
unwanted diffraction or fringing). Rather than using vias, which can cause mismatched
discontinuities, the patch was fed by a microstrip line, maximising the total efficiency.
The impedance at the edge of the patch was 245 Ω, so an inset feed was needed to
produce an input impedance of 50 Ω. The inset length is same distance as for a probe
feed, and the inset width Winset was obtained by a parametric study.
For this single isolated element, the simulated boresight gain GEF was 7.71 dBi and
the simulated efficiency was 82% (EF stands for element factor). In all simulations and
measurements, this work reports realised gain (rather than directivity), as this metric
includes all losses. Fig. 3.4 shows the radiation pattern. The E field is strongest above
the radiating slots of the patch, and the surface current magnitude is greatest on the
non-radiating slots, as shown in Fig. 3.5.
3.3 Phased Array Design
The spacing between elements is a crucial parameter in phased array design. If the
spacing is too wide (d > λ0), grating lobes form, reducing the useful steering range.
If it is too narrow (d < λ0), there is high mutual coupling between adjacent elements
and the total efficiency falls sharply for wide scan angles [35, p. 248]. In this design,
a uniform spacing of d = λ02 = 5.3546 mm was chosen as the best compromise. It
is a widely-used value. λ0 = 10.7071 mm is the free-space wavelength at the centre
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Figure 3.3: Frequency variation of the reflection coefficient |S11| for the inset-fed patch
antenna.
Figure 3.4: 3D radiation pattern of the inset-fed patch at 28 GHz, showing realised
gain.
frequency, f0 = 28 GHz. The array length is L = (N − 1)d.
The theoretical maximum scan angle θ0 max for a uniform array is given by the formula
below [35, p. 10]. It is defined by the onset of a grating lobe in a negative angular
direction compared to the main lobe. The total azimuth steering range, ±θ0 max, has
a value of ±62.78° in this design.
θ0 max = sin
−1
(
1− 0.4429 λ0
Nd
)
(3.4)
3. Feed Networks for Sidelobe Level Reduction 65
Figure 3.5: Surface current density of inset-fed 28 GHz patch antenna at z = 0 mm,
limited to 100 A/m to show the maxima. The power stimulated at the input port is
0.463 W at 28 GHz.
y0 = 0.901 mm 
d = 5.354 mm 
L = 37.47 mm 
Wpatch = 4.31 mm 
Lpatch = 3.535 mm 
Figure 3.6: Phased array with 8 elements (probe-fed microstrip patches). Dimensions
are given in mm. y0 is the feed offset for the purpose of matching.
The value of 0.4429 can be calculated from the sinc function associated with the array
factor of a large array, as N →∞ [35, pp. 9-10]. A link budget was calculated for the
chosen 5G access point application (see Table A.1 in Appendix A.1. A total boresight
gain of G(0) = 17 dBi is needed to yield a received power of at least -90 dBm at a
link range of 200 m. Hence the required number of array elements was calculated to be
N =
⌈
10(G(0)−GEF)/10
⌉
= 8. As this assumes negligible mutual coupling between array
elements, it later found to be too small, as explained in Chapter 4 Section 4.4.1. The
array is shown in Fig. 3.6, and its theoretical boresight radiation pattern is presented
in Fig. 3.1(b).
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(a)
0.2701 0.2701 
a1 a2 a3 a4 a5 a6 a7 a8 
0.7367 1.2936 1.6791 1.6791 1.2936 0.7367 
Antenna Elements 
K = 1 
K = 0.37-1 
K = 0.77 
K = 0.37 
K = 0.37 K = 0.77-1 K = 0.37-1 
Input Power 
(b)
Figure 3.7: (a) Proposed Taylor feed network (boresight). The transmission lines are
much wider than for conventional unequal dividers. (b) Voltage split ratios and unequal
dividers within the feed network, to achieve the amplitudes shown in Fig. 3.1(a).
3.4 Feed Network
The novel feed network is able to implement arbitrary amplitudes and phases at the
array elements, using a planar microstrip realisation. It consists of several junctions
(Fig. 3.7(a)). Each junction contains a power divider, and is numbered for ease of
reference. In between the junctions are 50 Ω connecting lines. Fig. 3.7(b) represents
the unequal split of the input power to the powers at the array elements.
As shown in Fig. 3.10, each unequal divider is a 3-port network, containing two T-
junctions made from transmission lines and stubs. These act like quarter-wave trans-
formers, creating 90° phase shifts. The currents reflected from the ends the stubs
partially cancel with the incident currents, reducing the amplitude of the outgoing
wave. The stubs did not significantly limit the bandwidth, so this method is suitable
for a wideband mmWave 5G signal.
Corporate feed networks for communications and space applications have been previ-
ously realised in microstrip. In [193], a split-tee power divider was designed, employing
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(a)
(b)
(c)
Figure 3.8: Physical dimensions in mm of the equal and unequal power dividers. (a)
Design equations, (b) K = 0.77, (c) K = 0.37, (d) K = 1.
narrow microstrip lines. A Dolph-Chebyshev amplitude taper was also synthesised for
an array operating at 8.5 GHz. Each of the T-junction power dividers was optimised
using method of moments [194]. Tapered transitions, bends, and power dividers were
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Figure 3.9: Frequency variation of the S parameters for the equal and unequal power
dividers. (a) ideally K = 0.77, achieved K = 0.726; (b) ideally K = 0.37, achieved K
= 0.405; (c) K = 1.
synthesised in triplate to feed a 16-element array of microstrip antennas. A Taylor
distribution was applied to achieve a sidelobe level below -21.5 dB [195]. More re-
cently, a Taylor distribution was synthesised within a slotted waveguide feed, which
offers better power-handling capabilities than microstrip, and reduced losses at E-band
frequencies [196].
Compared to these works, the key novelty of the proposed feed network is as follows:
 The use of stubs within the feed to transform the characteristic impedance from
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Figure 3.10: Directions of the currents in the unequal divider stubs. Magnitude of the
surface current density, limited to 40 A/m to show the maxima.
a high value (> 111 Ω) to a lower value (< 111 Ω). This is novel because stepped
impedance transformers are not required.
 The empirical formulae (3.23) – (3.26) presented in Section 3.5.3. For the first
time, the starting parameters for the unequal dividers are expressed as functions,
removing the need for iterative optimisation [197].
 The formula for meander widths (3.30) in Section 3.5.5. Unlike previous works,
the coupling between meander bends is accounted for, enabling independent con-
trol of the amplitude and phase at the elements.
To illustrate the benefits of using the divider from [191], consider the division ratio K
= 0.37. A conventional unequal divider would require a line of width 12.4 µm, whereas
the divider from [191] achieves this using widths greater than 0.5 mm. The narrowest
lines in the feed network are the 100 Ω lines of width 0.206 mm within the equal divider,
at junction 1. These line widths can be easily fabricated using a standard PCB process.
3.5 Design Procedure
This section describes the feed network design. Starting from a target SLL, the desired
amplitudes and power split ratios are determined, as well as the physical dimensions
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of the unequal dividers. Next, from the desired beam directions, the progressive phase
shifts are calculated (to be applied to each array element), along with the corresponding
meander dimensions.
3.5.1 Step 1: Design Amplitude Taper
For the 5G base station application described in Chapter 2 Section 2.1 and Chapter
3 Section 3.3, a beamwidth of 20° is required. This provides an adequate link range
(cell radius), whilst limiting the effect of pointing errors on beam alignment. A SLL
below -10 dB is required to suppress interference. Figs. 3.1(a) and 3.1(b) show the
effect of varying the target SLL value on the shape of the amplitude distribution and
corresponding radiation patterns. It can be seen that there is a trade-off between
directivity and SLL as the taper parameters are varied. A value of n¯ = 20 was chosen to
achieve a suitable compromise. Given that SLL is known to increase with steering angle
[35, p. 14], a theoretical minimum value of SLL = -20 dB was chosen for boresight. In
practice, amplitude and phase errors will degrade the SLL compared to this ideal value.
The MATLAB® command taylorwin(8,20,-40) was used to calculate the distribution,
where N = 8 elements, and -40 dB is the SLL expressed as a voltage ratio. A summary
of this calculation is available in [198].
3.5.2 Step 2: Determine Voltage Split Ratios
The desired amplitudes, calculated in step 1, are realised by appropriately setting the
voltage split ratio (Ki) and power split ratio (Ji) at each junction. The power split
ratios are determined by dividing sums of the squared element amplitudes. Power
dividers (shown in Fig. 3.8) are then designed to implement these ratios, which are
given in Table 3.1. As shown in Fig. 3.7, the feed network has 7 junctions for 8
elements. Each divider has 3 ports, as numbered in Fig. 3.10, and each of the division
ratios corresponds to one of the 7 junctions. The amplitude values are normalised for a
total power of 12
∑N
i=1 a
2
i = 5.1085 (scaled to the value of the transmitted power, which
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Table 3.1: Excitation amplitudes ai and voltage split ratios Ki for element/junction i
i 1 2 3 4 5 6 7 8
ai 0.2701 0.7367 1.2936 1.6791 1.6791 1.2936 0.7367 0.2701
Ki 1 0.37 2.7 0.37 0.77 1.298 2.7 -
varies from 1 mW to 1 W, as in Table A.1 in Appendix A).
Ki =
√
Ji =
Vi3
Vi2
=
√
Pi3
Pi2
(3.5)
J1 =
a21 + a
2
2 + a
2
3 + a
2
4
a25 + a
2
6 + a
2
7 + a
2
8
(3.6a)
J2 =
a21 + a
2
2
a23 + a
2
4
(3.6b)
J3 =
a25 + a
2
6
a27 + a
2
8
(3.6c)
J4 =
a21
a22
(3.6d)
J5 =
a23
a24
(3.6e)
J6 =
a25
a26
(3.6f)
J7 =
a27
a28
(3.6g)
where: Vi2, Vi3, Pi2, and Pi3 are the voltage and power levels at the respective output
ports of the divider at junction i, and amplitudes ai were defined in (3.3).
3.5.3 Step 3: Design Power Dividers
Equal Power Divider Design
The following formulae describe the Wilkinson divider design [50, pp. 318-322].
The guided wavelength λg is given by (3.7). Note that the relative effective permittivity
depends on the line width (i.e. impedance), so λg is recalculated if the line width
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changes. Z0 = 50 Ω is the characteristic impedance of the connecting lines and ports.
λg =
λ0√
reff
(3.7)
Zarm =
√
2Z0 (3.8)
Warm is synthesised from Zarm using the formulae in Section A.2.2.
Larm =
λg
4
(3.9)
R = 2Z0 (3.10)
Unequal Power Divider Design
The following formulae are reproduced from Yang et al. [191]. Here, the subscript
notation has been changed from 2-5 to 1-4. Fig. 3.11(a) shows an equivalent circuit
using the original notation. The effective impedance and electrical length of the T
junctions formed from stubs are detailed in the figure.
R = (1 +K2)C (3.11)
Z1 = K
√
Z0R (3.12)
Z2 =
1
K
√
Z0R (3.13)
Z3 = K
√
Z0C (3.14)
Z4 =
√
Z0C (3.15)
ZA3 =
Z2
tan θA3
(3.16)
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(a)
50 Ω 
322 Ω 111.8 Ω 
50 Ω 
90° 90° 
(b)
Figure 3.11: Equivalent circuits for the unequal divider from [191]. (a) Complete divider
©2009 Wiley Periodicals Inc., (b) Divider right arm for K = 0.77. The impedances
are derived from ZA3, ZB3, ZA5, and ZB5.
Let
ZB3 = ZA3 (3.17)
θB3 =
 tan−1(2 cot(2θA3)) θA3 ≥ 0tan−1(2 cot(2θA3)) + 2pi θA3 < 0 (3.18)
Let
ZB5 = ZA5 (3.19)
θB5 =
 tan−1(2 cot(2θA5)) θA5 ≥ 0tan−1(2 cot(2θA5)) + 2pi θA5 < 0 (3.20)
Please note that when simulating the right arm of the divider on its own (Fig. 3.11(b)),
it does not need to be matched to 50 Ω. Instead, the input impedance will be 50 Ω when
the left and right arms are combined in parallel. As each T-junction section replaces a
quarter-wave transformer, its electrical length is θ = βl = 90°.
As an example, consider the K = 0.77 unequal divider. ABCD matrices were used to
analyse the input impedance of the right arm of the divider, calculated by cascading
two T junctions. Each one is modelled as a quarter-wave transmission line section:A B
C D
 =
 0 jZ0
jY0 0
 (3.21)
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where Y0 = 1/Z0 [50, p. 185]. Thus for two T junctions, the ABCD matrix is:
 0 j322
j1/322 0
 0 j111.8
j1/111.8 0
 =
−2.88 0
0 −0.3472
 (3.22)
The Z parameters can be converted into S parameters [50, p. 187]. Hence Z11 =
A
C =
−2.88
−0.3472 = 8.29 Ω. S11 =
A+ B
Z0
−CZ0−D
A+ B
Z0
+CZ0+D
= 0.805.
The value of 0.835 at 28 GHz, simulated in CST, is within 3.7% of the calculated value.
Empirical Formulae and Design Rules
At junction 1 of the Taylor feed, the power is split equally (K1 = 1). This is imple-
mented as a Wilkinson divider [50]. Its dimensions are given in Table 3.2. This equal
divider was also used for all junctions within the uniform feed network.
The Taylor feed network is symmetrical, so to obtain values K > 1 on the right-hand
side of the feed, the unequal power dividers are mirrored to give a voltage split 1/K
(ports 2 and 3 are effectively swapped). For ease of manufacture, it is useful to meet
the following physical constraints:
1. Line width must be between 0.2 mm and 0.8 mm. Setting a minimum width
enables convenient fabrication and prevents current crowding. The maximum
width (i.e. impedance no less than 40 Ω) prevents the lines from overlapping
at the divider junctions, and suppresses transverse modes [199]. This avoids
impedance mismatch within the feed.
2. Line length must be less than 4.25 mm. This enables the divider stubs to fit onto
the PCB.
Building on the method from [191], empirical formulae are proposed for the values
of the initial parameters of the unequal dividers: C, θA3 and θA5. These parameters
provide several degrees-of-freedom to meet the above constraints, and are plotted in
Fig. 3.12. An anomaly occurs in the meander width Wmeander in Fig. 3.12(d) for large
values of ∆φ. This can be explained by an increase in coupling between the bends as
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Table 3.2: Equal power divider dimensions, corresponding to Fig. 3.8(c)
Quantity Value
(mm)
Impedance (Ω) or
Electrical Length (°)
W0 0.766 50 Ω
W1 0.206 100 Ω
W2 0.428 70.71 Ω
L1 2.032 90°
L1 1.983 90°
the meander length is increased. Formulae from [191] which relate to these parameters
were presented in Section 3.5.3.
For the first time, empirical formulae for these parameters are:
C ≈ 50
K1.6
, valid for 0 < K < 1. (3.23)
θA3 ≈ pi4 + 0.69 3
√
1−K, valid for 0.3 < K < 1. (3.24)
θA5 ≈ pi4 + 0.36 3
√
1−K, valid for 0 < K < 1. (3.25)
where: C is the arbitrary reference impedance in Ω, θA3 and θA5 are electrical lengths
of transmission lines in radians. These formulae are valid only for the given frequency
and substrate properties.
For each transmission line section, the required impedance and electrical length are
determined using the procedure given in [191]. A modification to this procedure is
proposed, resulting in (3.26), which makes the negative stub lengths positive and thus
realizable using conventional transmission line technology.
θB3 =
 tan−1(2 cot(2θA3)) θA3 ≥ 0tan−1(2 cot(2θA3)) + 2pi θA3 < 0 (3.26)
where θB3 is a stub electrical length in radians. Eq. (3.26) can also be used to calculate
θB5 from θA5. Note that θA3, θB3, θA5, and θB5 correspond to physical lengths LA3,
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Figure 3.12: Curve fits used to obtain the empirical formulae. Unequal divider initial
parameters: (a) C, (b) θA3, (c) θA5, (d) Wmeander.
LB3, LA5, and LB5. The physical lengths and widths of the stubs, shown earlier in
Fig. 3.8, were synthesised in microstrip technology using standard equations from [50].
The impedance properties of the stubs were analysed using ABCD matrices, based on
analysis from [191]. For more details, please see Section 3.5.3.
3.5.4 Step 4: Determine Required Phase Shifts
To steer the main beam of a phased array to an angle θ0, a progressive phase shift β,
given by (3.27), must be applied between consecutive elements [5, p. 267]. Table A.2
in Appendix A provides the progressive phase shifts used, along with the associated
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Figure 3.13: Smith charts for the meander parameter sweep. (a) Input reflection coeffi-
cient (Γ = S11) variation with meander length Lmeander, forWmeander = 0.24 mm, (b) In-
put reflection coefficient (Γ = S11) variation with meander width, for Lmeander = 10.95
mm.
beam directions.
β = −kd sin(θ0) (3.27)
∆φi = β(i− 1) (3.28)
where k = 2piλ0 and ∆φi is the phase shift at each element i relative to the input port.
The Smith chart in Fig. 3.13(a)1 shows the variation in reflection coefficient |S11| at
the input to the meander line, as its length is varied. Initially, the meander is matched
to 50 Ω. It becomes mismatched for longer lengths due to increased coupling between
hairpin bends (LC resonators). As seen in Fig. 3.13(b), decreasing the width corrects
the input impedance back to 50 Ω.
The feed was connected to the array of microstrip patches designed in Section 3.3. In a
practical implementation of the feed network, dynamic beam steering could be achieved
using phase shifter ICs, such as [200]. Instead, as a proof-of-concept, several antenna
PCBs were fabricated (Fig. 3.14 in Section 3.6), each with a different, fixed main
beam direction. The consecutive phase shifts were realised using meandered sections
of transmission line. These are referred to as beam steering meanders.
1Plotted using open-source code from http://www.matrixlab-examples.com/smith-chart.html
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3.5.5 Step 5: Implement Phase Shifts
The meander length Lmi for element i is proportional to the meander’s electrical length
(phase delay ∆φi), see (3.28) [50, pp. 318-322]. To minimise feed radiation, it was
necessary to keep the horizontal (i.e. x-axis) extent Lmi/5 of each meander below
λ0
2 .
Hence, the total length was shared between a phase shift of 4β at the right arm of the
first divider (Lm right), and remaining phase shifts of [0, β, 2β, 3β, 0, β, 2β, 3β] at the
steering meanders.
Lmi =
∆φ
2pi
λg =
∆φ
2pi
λ0√
reff
(3.29)
where reff is the effective relative permittivity, calculated for each line width, as in [50],
which is reproduced in Appendix A.2.
When designing the steered PCBs, it is important for their associated radiation patterns
to be representative of a conventional phased array, with similar losses, and a trend in
gain and SLL that is consistent between PCBs.
Altering the meander length, to realise the desired phase shift, also alters the character-
istic impedance of the transmission line. This occurs due to coupling between adjacent
bends within the meander. In order to maintain a 50 Ω impedance it is necessary to
reduce the meander width Wmi. Eq. (3.30) was obtained by fitting a piecewise straight
line to impedances simulated for different meander lengths. It is valid only for the given
frequency and substrate properties. This adjustment ensures that the meanders do not
affect the amplitude distribution. The parameters of the meanders are shown in Fig.
3.14. Note that this formula is only accurate for ∆φ° < 216°. For longer meanders, it
is recommended to fine-tune their widths via a parametric study.
Wmi ≈
0.766−
∆φ°
547.5 ∆φ° < 288
0.24 ∆φ° ≥ 288
(3.30)
In addition to the beam steering meanders, phase correction meanders are required,
as shown in Fig. 3.14. The absence of isolation resistors introduced a 35° phase error
between the signals at the output ports of the divider. This error was compensated
by additional line length (meanders) at the output ports of the feed. Their lengths, in
3. Feed Networks for Sidelobe Level Reduction 79
the x-direction, are provided in Table A.3 in Appendix A. The width of all correction
meanders is 0.766 mm (the same as a 50 Ω line). The meander width correction formula
only applies to the beam steering meanders, not the phase correction meanders, as the
latter consists of a single bend with a large y-direction separation (low coupling between
line sections). In the Taylor boresight (β = 0°) PCB, the phase correction meanders
ensured that the patches all radiated approximately in phase (with a maximum phase
error of 25.3°).
There are two exceptions to the meander width adjustment given in (3.30). Firstly, for
the β = 144° PCB, the width of all steering meanders, regardless of their length, was
kept constant at 0.766 mm. For this PCB, it was also found that to prevent mismatch,
the length of the right arm meander must be limited. Hence, the correction meanders
for elements 5, 6, 7 and 8 were lengthened by 3.1761 mm to provide part of this required
(4β) electrical length.
3.5.6 Step 6: Implement the Connecting Feed Lines
To minimise the SLL of a phased array antenna, it is desirable to reduce the level of
radiation from the feed network. Below is a list of design rules for the 50 Ω connecting
lines. To maximise the feed network efficiency and minimise unwanted radiation from
the feed, it is recommended to:
1. Employ only intended discontinuities in the line dimensions.
2. Keep the feed lines as short as possible, and avoid sharp bends. They can be
drawn using splines (smooth curves).
3. Ensure that the ends of the lines are parallel and aligned at their centres.
4. Maintain a minimum separation of 0.68 mm between any stub and adjacent line,
and a minimum bend radius of 0.65 mm.
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3.5.7 Step 7: Design Tapered Transition
Each PCB was connected to a cable via a 2.92 mm solderless connector [201]. A
tapered transition was used at the beginning of the input feed line. The transition
introduces series inductance which compensates for the series capacitance of the 2.92
mm connector pin [202].
3.5.8 Feed Network Insertion Loss
Formulae for the conductor loss constant αc and dielectric loss constant αd of a mi-
crostrip line, in dB/mm, are given by (3.31) and (3.32) [203, p.135]. If a low-loss thin
substrate is used, the conductor skin effect is the largest contributor to loss.
αc = 0.072
√
f
WZ0
λg dB/mm (3.31)
αd = 27.3
r(reff − 1) tan δ
reff (r − 1) dB/mm (3.32)
where f is the frequency in GHz, W is the line width in mm, and Z0 is the line
impedance in Ω.
At 28 GHz, these losses were calculated to be αc = 0.0099 dB/mm and αd = 0.00173
dB/mm, giving a loss constant of αfeed = 0.01163 dB/mm. For an estimated feed length
of
√
402 + (3.5× 10.7071)2 = 54.8 mm, this gives a total loss of 0.638 dB.
First, the losses are calculated for the reflections Lrefl within the feed network presented
in Chapter 3. The realised gain of the antenna includes the reflection efficiency of the
antenna, which is defined by (1− |Γ|)2. If |Γ| = |S11| = 0.1 (i.e. -10 dB), the reflection
efficiency is 99%. The reflection loss of the feed is given by:
Lrefl = 10 log10
((
1− 10 |S11divider|20
)3(
1− 10
|S11patch|
20
))
(3.33)
where |S11patch| = -20 dB is the reflection coefficient magnitude of the microstrip patch
element, and |S11divider| = -22 dB is the reflection coefficient magnitude of the power
divider at each stage in the feed network. This assumes perfect matching of the feed
lines to the dividers and negligible loss within the lines.
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A more accurate model which accounts for these losses can be found in [50, pp. 82-83].
Excluding feed line insertion losses, the reflection coefficient |Γ| can be estimated using
(3.33). To estimate the total efficiency, the line losses given by (3.31) and (3.32) must
also be considered. Combining these terms, the power loss in a lossy, mismatched single
line of attenuation constant αfeed (Np/m) is [50, pp. 82-83]:
Ploss = Pin − PL = |V
+
0 |2
2Z0
(
(e2αfeedl − 1) + |Γ|2(1− e−2αfeedl)
)
(3.34)
where |V +0 | is the magnitude of the forward-travelling voltage wave in Volts, and |Γ| =∣∣∣Z0−ZLZ0+ZL ∣∣∣ = 0.0794 is the magnitude of the reflection coefficient from the load, which is
the next stage of the feed network. Using a length per stage of l = 54.8/4 = 13.7 mm,
αfeedl = 0.01163×13.7/8.686 = 0.01834 Np per stage. Using (3.34) normalised to an
input power of 1 W gives a power loss of 0.03795 W per stage. Hence the total loss of
the Taylor boresight feed network, for 4 stages, is given by −10 log10
(
(1− 0.03795)4
)
= 0.6657 dB. When the taper loss of 0.2 dB is also included, the total feed loss of
0.8657 dB agrees with the simulated value of 82.0% (0.86 dB) from CST, to within
0.76%. From this calculation, the loss due to reflections within the feed network was
found to have a small value of 0.6657− 0.638 = 0.0277 dB.
3.6 Results
This section presents simulation and measurement results for the antenna PCBs in-
corporating the feed network. The fabricated PCBs are shown in Fig. 3.14. Details
of the simulation and experimental methods are given in Appendix B.1 and Appendix
B.3 respectively. The dimensions of the patch element in Fig. 3.14(b) were calcu-
lated in Section 3.2 using formulae from [4, pp. 187-191], and Winset was obtained by a
parametric study.
Fig. 3.15 presents the 3D radiation pattern for one of the steered PCBs (Taylor β =
72°). It can be observed that the elevation sidelobes have been suppressed by careful
feed network design, and that the majority of the radiation is within the main lobe,
which has a fan beam shape.
Fig. 3.16 displays the current density across the boresight feed network. The figure
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verifies that the central elements are excited with most of the input power. To estimate
the achieved amplitudes and phases, the y-direction component of the surface current
can be sampled at the midpoint of the feed line corresponding to each element.
Fig. 3.17 shows the simulated frequency variation in the scattering (S) parameters of
the Taylor feed. Port 1 is the input port, and ports 2 - 9 are the output ports connected
to elements 1 - 8 respectively. The method used to produce this figure is described in
Appendix B Section B.1. In Fig. 3.17(a), |Si1| represents the simulated voltage splits
from the input port to each element. The sum
∑9
i=2 |Si1|2 = -0.66 dB is equivalent
to an efficiency of 85.9% at the centre frequency. This indicates that the feed is low-
loss [50, pp. 177-179]. The |S11| < -20 dB bandwidth of the feed is 1.15 GHz, from 27.5
GHz to 28.65 GHz. Acceptable flatness of the voltage split ratios is observed across this
bandwidth (the voltage split ratios vary by 12% for the middle elements). Fig. 3.17(b)
shows the frequency variation of the phase at the output ports of the feed network.
Group delay represents the variation in phase with respect to frequency. For elements
3–6, which have the most power, the group delay varies by less than 9.4% across the
Figure 3.14: Photograph of the fabricated PCBs, with physical dimensions in mm.
Inset: (a) Tapered transition, (b) Patch element, (c) Phase correction meander, (d)
Right arm meander, (e) Beam steering meander.
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Figure 3.15: Layout and 3D radiation pattern of one of the Taylor feed PCBs (β = 72°,
i.e. θ0 = 23.6°).
Figure 3.16: Simulated surface current density of Taylor boresight feed PCB, limited
to 30 A/m to show the maxima.
operating bandwidth, indicating that beam squint (and hence pointing loss) are kept
within acceptable limits, below ±2° for a bandwidth of 1 GHz [60]. This illustrates the
validity and accuracy of the proposed design procedure.
Fig. 3.18 shows the desired and achieved amplitude and phase distributions, associated
with the Taylor boresight feed network at 28 GHz. Both the achieved and ideal ampli-
tudes are normalised to the same total power value. Any error in the achieved Ki value
for a junction will reduce the directivity and increase the SLL in the overall radiation
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Figure 3.17: S parameter variation with frequency for all ports of the Taylor boresight
feed network. (a) S parameter magnitudes, with |S11| represented by circular markers,
(b) S parameter phases, after correction.
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Figure 3.18: Achieved excitation at the feed output ports at 28 GHz. (a) Simulated
and ideal Taylor amplitudes. (b) Phase error at the output of the feed, after correction,
determined by subtracting ∠Si1 from the average phase 1N
∑N
i=1∠Si1.
pattern. The amplitude errors are caused by the implementation of the Ki values,
and the phase errors are caused by uncorrected line lengths. The maximum amplitude
error is 10% of the input power, and the maximum phase error between elements after
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Figure 3.19: Simulated normalised array factor for an ideal Taylor distribution (without
errors), and for the achieved amplitudes and phases.
correction is 25.3°. This phase error occurs for elements 1 and 8, which have the least
amplitudes. As shown in Fig. 3.19, these errors caused the SLL of the array factor to
increase by 8.46 dB. However, in the final radiation pattern, this effect was reduced by
pattern multiplication with the element factor, so that the overall SLL increase due to
errors was 3.3 dB for β = 0° and 4.18 dB for β = 144°. Due to the amplitude and phase
errors, the simulated boresight gain was reduced by 1.1 dB compared to a phased array
having ideal Taylor amplitudes. The observed effects of these errors agrees with the
discussion in [35, pp. 464-467]. Given that real implementations using phase shifters
also have phase quantisation errors, similar degradations are likely to occur in practice.
Fig. 3.20 shows the input reflection coefficient |S11| for PCBs associated with boresight
and the maximum steering angle. Good agreement is observed between simulation and
measurement (with a maximum error below 6.5% in the peak 1 − |S11|2). Each com-
ponent of the PCBs such as power dividers, meanders, and patches, has an equivalent
circuit based on inductance and capacitance. Coupling of the resonant poles associated
with these components produces a 9-pole (18th order) filter, which was verified using
a Smith chart. Hence for each PCB, the bandwidth is determined by these frequency
domain poles (for which |S11| < -20 dB, i.e. 0.01 in linear scale). A 10 dB return loss
(i.e. |S11| < -10 dB) bandwidth of 0.95 GHz was achieved for all steering angles. This
is considered to be sufficiently wide for 5G communications.
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Figure 3.20: |S11|, simulated (dash-dot line) and measured (solid line). (a) Boresight
array (Taylor β = 0°). (b) Array steered to the maximum angle (Taylor β = 144°).
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Figure 3.21: Radiation patterns, simulated (dash-dot line) and measured (solid line).
(a) Boresight array (Taylor β = 0°). (b) Array steered to the maximum angle (Taylor
β = 144°).
Figs. 3.6 and 3.23 show the radiation patterns for the phased arrays shown in Fig.
3.14. The achieved steering angles closely agree with the theoretical values, and the
trends in gain and SLL was as expected. In 3.21(a), the measured SLL of -15.2 dB
agrees well with the simulated value of -15.35 dB. As shown in Fig. 3.22, the Taylor
distribution reduced the SLL by 2.84 dB, compared to the radiation pattern for the
uniform feed PCB. However, the measured main lobe gain decreased by 1.67 dB, from
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Figure 3.22: Measured boresight radiation patterns showing SLL reduction through the
use of Taylor amplitudes.
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Figure 3.23: Measured radiation patterns for all steering angles. β is the progressive
phase shift.
13.17 dBi to 11.5 dBi. Overall, this SLL reduction is beneficial and outweighs the gain
reduction. Based on the simulated directivity of 13.6 dBi, and the ratio of the measured
and simulated beamwidths (19° and 16° respectively), the total efficiency of the antenna
incorporating the Taylor boresight feed PCB is 80.9%. At the maximum steering angle
of 48°, the scan loss is 3.13 dB (see Fig. 3.23), which is typical of a conventional phased
array.
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3.7 Chapter Summary
In this chapter, a design procedure was presented and validated experimentally for a
Taylor n-bar feed network based on unequal power dividers. A line width greater than
0.2 mm was maintained for all parts of the feed. The designed low-cost microstrip
arrays exhibited agreement between measurement and simulation (with a maximum
error in peak gain below 2 dB). An empirical formula for the meander widths was
proposed, enabling independent control of amplitude and phase. Beam steering from -
48° to +48° was achieved using meanders. Empirical formulae for the initial parameters
of the unequal dividers were also proposed. An analysis of the losses in the feed network
was presented. At boresight, the taper reduced the sidelobe level by 2.84 dB to -15.2
dB. This will increase the signal-to-interference-and-noise ratio in 5G millimetre wave
links, reducing interference. In the next chapter, the use of lenses combined with phased
arrays will be investigated. As will be shown in Chapter 4, the presented design method
is also capable of realising arbitrary amplitude distributions and beam shapes.
Chapter 4
Cascaded Fresnel Lens Antenna
for Scan Loss Mitigation
This chapter presents the design and experimental characterisation of a hybrid antenna
which combines phased arrays with lenses at millimetre wave frequencies. In Chapter 2,
lenses were identified as a useful component to achieve a gain increase. In this chapter,
cascaded Fresnel zone plate lenses are combined with the phased arrays from Chapter 3
to increase the gain, primarily at wide steering angles. A key challenge is to increase the
gain towards several directions within the steering range, without compromising other
aspects of the antenna performance. Asymmetric amplitudes, in the form of skewed
Taylor distributions, are proposed to prevent the main lobe from splitting when steering
between the lenses. A design procedure has been developed, enabling the antenna to
be designed for different frequency and gain requirements. Additionally, a theoretical
analysis of the focusing behaviour is provided to model the diffraction through the
lenses. Finally, the performance of fabricated antenna prototypes is evaluated.
A 8-element 7-lens prototype operating at 28 GHz achieved a measured gain increase
of 3.19 dB at the maximum steering angle of ±52°, compared to the phased array
on its own. The steering angle is defined in terms of gain. A peak gain from 12.96
dBi to 15.35 dBi and a bandwidth of at least 1.3 GHz were maintained for all angles
within the steering range. This beamforming antenna could improve the coverage of
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3-sector 5G microcell base stations, and has applications in vehicular, rail, and satellite
communication terminals for gigabit-per-second wireless links.
4.1 Theoretical Principles of Microwave Fresnel Lenses
Dielectric lenses are made from an optically dense medium, which refracts the incident
wave, altering its guided wavelength within the medium. The guided velocity vg in the
medium is less than the free-space speed of light, c = 3 × 108 m/s. A convex lens is
thicker at its centre, so wavefronts arriving at the centre are delayed more than those
at the edges. This creates equal path lengths, compensating for the additional path
length at the edges, and thus focusing parallel rays to a single point. The back focal
length is the distance between the rear surface of the lens and the focal point.
The ideal phase distribution ∆ideal(x, y) describes the phase shifts, in the x-y plane
local to the lens, needed to perfectly focus the incident diverging rays into parallel rays
(i.e. without aberrations). For each ray, the phase ψ(x, y) incident at a point (x,y) on
the lens surface, due to the geometry, is given by [160]:
ψ(x, y) = k
√
(x− xs)2 + (y − ys)2 + F 2 (4.1)
where F is the focal length, k = 2piλ0 , and (xs, ys, zs) is the location of the virtual source
which represents illumination by the feeding antenna.
The resultant phase ψ0(x, y) is the sum of the input phase and the phase change due
to the lens (and an extra term for distance travelled from the focus).
ψ0(x, y) = ψ(x, y) + ∆(x, y) = k
√
(x− xs)2 + (y − ys)2 + F 2 − k
√
x2 + y2 + F 2 + kF
(4.2)
If the feed array is placed directly beneath the centre of the lens, i.e. (xs, ys, zs)
= (0, 0, -F ), the ideal phase in (4.1) simplifies to (4.3) [160, p. 11]. Given that
ψ0(x, y) = kF , which is constant with respect to x and y, there is no phase error, so
the focused wavefronts are parallel.
∆ideal(x, y) = −k
√
x2 + y2 + F 2 (4.3)
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Figure 4.1: Fresnel zone plate concept. (a) Hyperboloidal lens, Fresnel lens, and Fresnel
zone plate [204], (b) Fresnel zone plate (front view), (c) The FZP creates concentric
phase changes, increasing the gain by constructive interference.
A hyperboloidal lens would be needed to achieve the ideal phase distribution described
by (4.1), but it is bulky. A Fresnel lens is zoned to reduce its thickness (Fig. 4.1).
The zones are sections of phase change equivalent to the original lens, corresponding to
path lengths of the incident rays which have similar phase delays. If the phase changes
in the lens surface are quantised into steps, it is known as a Fresnel zone plate (FZP).
In this work, FZPs are referred to as ‘lenses’, to emphasise their purpose of focusing
the wavefronts.
To create an FZP, such as a Wood zone plate, concentric rings of 180° phase change
are realised by cutting grooves in the dielectric [205, p. 190]. The phase change is
proportional to the groove depth, and is also determined by the refractive index of the
lens material. The formulae within this chapter are valid for a refractive index n > 1
within the lens materials. Diffraction through the quadratically spaced concentric rings
produces a single bright spot, i.e. a focusing effect. The zone radii will be calculated
later in Section 4.4.2.
The following equations are reproduced from [101, pp. 476-488]. The zone geometry
is described by:
R2m = (F +mλ/2)
2 − F 2 = Fmλ0 +m2λ20/4 (4.4)
where Rm is the distance from the focal point to zone m, and F is the distance between
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the focal point and the lens centre (i.e. the focal length).
The sum E of optical disturbances for m zones, at a point along the axis through the
centre of the zones, is:
E = |E1| − |E2|+ |E3| − ...± |Em| (4.5)
The alternating sign (−1)m−1 in (4.5) is due to the alternating phase of the incident
waves between adjacent zones. By reversing the phase of the wavelets passing through
the even zones, all of the wavelets will add constructively, in phase [101, pp. 478-479].
Focusing gain GF = GL − G (dB) is defined as the increase in peak gain when the
lens is added. GL (dBi) is the peak gain with the lens, and G (dBi) is the peak gain
without the lens. Focusing gain measures the performance improvement compared to
the feeding antenna on its own. Since a symmetrical lens focuses in both the x- and
y-directions, a fan beam becomes a spot beam, producing focusing gain (Fig. 4.4 in
Section 4.2) which increases with the number of zones. Hence, a 1D array with a lens
above it has a boresight gain equivalent to a 2D array or a longer 1D array.
Focusing efficiency ηf is the ratio between the simulated directivity and the maximum
achievable directivity. Phase errors (deviation from the ideal phase distribution) cause
a reduction in focusing efficiency [205, pp. 181-183].
ηf =
sin2
(p
2
)
(p2)
(4.6)
where p = max(eψ) is the phase increment in radians [205, pp. 180-183], and phase
error eψ = ∆(x, y)−∆ideal(x, y) is the difference between the achieved phase distribu-
tion, ∆(x, y), and the ideal phase distribution. For a design with two phase values (0°
and 180°), p = pi, so ηf = 40.5% (-3.925 dB). If a greater number of phase values is
used, by subzoning the lens surface, the phase error will be reduced. This will increase
the focusing efficiency at the expense of increased fabrication complexity.
4.2 Single Lens Design
In order to further understand the behaviour of FZPs, single lens designs were initially
investigated. Fig. 4.2 shows a lens fed by an array of three individually-fed patches.
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Figure 4.2: Structure of the single lens design, fed by a 3-element array. The lens can
be rotated using the arm. (a) Lens at boresight position, (b) Lens rotated by 60°.
Referring to the surface current density plot on the microstrip line in Fig. 4.3(a), peaks
and troughs can be observed as the waves propagate along the line. To prevent beam
squint, the middle line was meandered, making its electrical length the same as that of
the outer lines (2.5 λg, where λg is the guided wavelength).
The lens was mounted 20 mm above the elements on a rotatable arm. Rather than
using a feed network, each element has its own port. This allows the element factors
to be measured directly, and the lens focusing gain to be evaluated. The lens was
initially placed at an angle of 0°, and all three elements were excited in-phase (boresight
direction). Then the lens was rotated to 60° and a progressive phase of β = 150° was
applied between the array elements to steer the beam. With the lens, the simulated
gain at both angles increased by at least 2 dB compared to the array on its own (Figs.
4.3(b) and 4.3(c)). For example, at the maximum steering angle (60°), the steered peak
gain was 8.04 dBi without the lens and 10.34 dBi with the lens (in Fig. 4.3(d)). The
simulated scan loss was 2.64 dB, which is similar to that of the array on its own.
Figs. 4.4 and 4.5 show the operation of the lens. The object plane is located at the
array centre and the image plane is located at infinity (far-field). The lenses focus
the fan beam from the phased array into a narrower spot beam. Focusing directivity
Df =
Θ
Θ1
measures the beamwidth reduction. It is the ratio of the beamwidth Θ
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Figure 4.3: PCB layout for the 3-element array, for element amplitudes of [0.7, 1, 0.7].
(a) Surface current density in A/m, (b) Simulated radiation patterns for: the array
without the lens, (c) the array with the lens at boresight, (d) the array with the lens
rotated by 60°.
Figure 4.4: 3D radiation pattern of 3-element array with uniform distribution, with
and without the lens (left, middle). Lens with 2 zones and F = 20 mm (right).
without the lens to the beamwidth Θ1 with the lens [205, p. 51]. Spherical wavefronts
from the feed are converted into nearly parallel wavefronts and the remaining wavefront
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Figure 4.5: H field magnitude of the lens 20 mm above a 3-element microstrip patch
array.
curvature determines the beamwidth. As seen in Fig. 4.5, the diffraction of the incident
wavefronts is in agreement with the theory presented in Section 4.1.
It is important to distinguish tilted lenses from mechanical steering. In the first case,
the beam is steered by the phased array, whereas in the second case, the beam is steered
by physically displacing or rotating the feed relative to the lenses (or vice versa) [128].
The structure in Fig. 4.2 is a preliminary design for the final design shown in Fig. 4.8.
The lens was designed according to the procedure in [119]. A focal length F = 20
mm was chosen, so the lens was placed 20 mm above the array. A small number of
zones (two) was chosen, to limit the lens diameter for a given focal length (ratio F/D
= 0.4). Incident waves would be reflected at the air-Rexolite® interface, reducing the
gain and creating undesirable backlobes. Wave impedance matching layers are required
to minimise these reflections, acting as quarter-wave transformers. A layer of expanded
Teflon (ePTFE, r ≈ 1.4, tan δ ≈ 0.03 at 10 GHz) of thickness 3 mm was attached to
the front and back lens surfaces. The free-space wavelength at 28 GHz is λ0 = 10.7071
mm.
In a second design, a large single lens (Nzones = 5) was fed by 8 individually excited
switched elements (Fig. 4.6). This switched beam approach contrasts from the phased
array presented in Chapter 3. As seen in Fig. 4.7, a high realised gain of 23.2 dBi was
achieved at boresight, however the single Fresnel zone plate lens was not able to focus
the incident radiation from the elements effectively at scan angles beyond 20°. This is
because it has a limited projected area in the direction of the steered beam. For this
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Figure 4.6: Simulation model for a single Fresnel zone plate lens (Nzones = 5), fed
by 8 individual elements. This switched beam approach differs from the phased array
approach.
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Figure 4.7: Simulated azimuth radiation patterns (switched beams) when exciting each
of 8 elements individually beneath a Fresnel zone plate lens (Nzones = 5).
reason, a conformal lens arrangement is required to mitigate scan loss.
4.3 Concept: Cascaded Fresnel Lens Antenna
Fig. 4.8 illustrates the antenna design. It consists of several Fresnel lenses, arranged
on a circular arc. The lenses are fed by a phased array antenna, which is steered
from −θ0max to +θ0max. This lens arrangement reduces beamwidth broadening by
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Figure 4.8: Cross-section through the antenna structure: lenses fed by a phased array.
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Figure 4.9: Operation of the cascaded lenses. (a) Block diagram showing successive
diffractions. (b) H field magnitude (Hx component, in A/m) showing beamwidth nar-
rowing (gain increase). The feeding antenna is Taylor β = 144°, as described in Chapter
3 Section 3.5.
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Figure 4.10: Simulated azimuth radiation patterns, illustrating beam steering towards
positive steering angles. The use of asymmetric amplitudes is demonstrated in the
angular region between the central and side lenses.
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Figure 4.11: Steering regions, corresponding to the different lens positions, which are
used to select the array amplitudes.
magnifying the projected area of the phased array. The lenses align with a wider range
of different beam directions than a single flat lens.
At wide steering angles, several lenses are cascaded on the same axis. This aims to
restore the gain at θ0max to the value obtained at boresight and thus compensates for
scan loss. The overall transverse magnification (focusing gain) is the product of the
magnifications of the individual lenses [101, pp.248-250]. In this design, three lenses
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are required to achieve sufficient gain at these angles. Further details are given in
Section 4.5.
To overcome scan loss, a gain increase is required, equal to the reciprocal of the scan
loss defined in (2.4) and (2.5) in Chapter 2.
Greq(θ0) = G1 cos
−1.5(θ0) (4.7)
Cascaded lenses have been commonly used at optical frequencies within telescopes and
microscopes [101, pp. 215-226]. The cascaded lens arrangement achieves a greater
increase in focusing gain than could be achieved using a single lens, whilst maintaining
the same back focal length F and subtended angle. For three thin lenses, F can be
expressed as [206]:
F =
F1F2
F1+F2−d12F3
F1F2
F1+F2−d12 + F3 − d23
(4.8)
where the separations between lenses are d12 = F2 − F1 and d23 = F3 − F2. The focal
lengths of each lens are chosen so that F = F1, as described further in Section 4.4.2.
The central lens is located in the radiative near-field of the phased array, where power is
not predominantly stored. As the projected length of the array reduces in the direction
of the maximum steering angle, the side lenses are in the far-field of the array. As
shown in Fig. 4.9(b), the wavefronts within this region are well-defined.
To prevent blockage between adjacent lenses, the lens diameters are minimised by using
a small number of zones. The zone radii, which determine the focal length, are scaled
to achieve different focal lengths within the cascaded (compound) lens.
Hence this design has two main areas of novelty:
1. Tilting the lenses to align with the steered beam maximises the projected area in
that direction. This increases the focusing directivity and reduces the scan loss.
2. Cascading the lenses increases the gain, whilst preventing blockage of the inner
lenses, compared with a single lens of larger diameter.
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Compared to alternative techniques, the conformal lens configuration increases the
projected area, narrowing the beamwidth towards the maximum steering angle. This
combats the beamwidth broadening problem. Additionally, by cascading several lenses,
a higher focusing gain can be achieved at these angles. For the first time, a zone plate
triplet is presented, operating at millimetre wave frequencies. By using phased arrays,
the design avoids the need for a complex and costly switch matrix such as that used
in [123]. When steering between the central and side lenses, the array amplitudes are
adjusted to select the focused elements which align with the beam steering direction.
A continuous range of amplitudes is applied to the elements. Switching certain elements
on or off without varying the amplitudes would not give sufficient control of the main
lobe shape when steering between the central and side lenses. Continuous amplitude
control produces a gradual transition in the E field magnitude at the edge of the active
part of the array, avoiding truncation of the amplitude window.
The amplitude control method used to steer the proposed antenna is now described.
In a conventional phased array, the element factors (EFs) are identical (assuming no
mutual coupling). In this antenna, as the elements are offset relative to the lenses, each
EF points towards a different direction (Fig. 4.17). The term focused element factor is
used here to refer to the radiation pattern of an individually excited element, after being
focused by the lenses. This variation in focused main lobe direction for each element
is commonly used in multibeam lens antennas [124]. In this design, combinations of
elements are selected by adjusting the excitation amplitudes to ensure complete angular
coverage within the sector.
When steering to boresight (θ0 = 0°), a Taylor amplitude distribution [35] is applied to
reduce the SLL. All the elements are excited in phase (β = 0°), and the radiated fields
are focused by the central lens.
When steering the beam using phase-only control to angles that would place the beam
between the lenses (θ0 = ±20° and ±40°), unwanted diffraction occurs, increasing the
SLL. In order prevent the main lobe from splitting, the lenses must be correctly il-
luminated. Hence, the phased array is required to generate shaped beams, and so
asymmetric amplitude distributions must be applied to the phased array elements, as
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shown in Fig. 4.11. Each steering angle θ0 is associated with a different amplitude dis-
tribution. More power is assigned to elements whose focused EFs align with θ0. This
ensures that, when steering between the lenses, the separate beams from the feeding
antenna recombine into a single main lobe in the far-field. To achieve the desired steer-
ing angle, it also is necessary to reduce the progressive phase shift between elements,
β, in this region. The steering performance is illustrated in Fig. 4.10.
As θ0 increases, from 0° to θ0max, most of the input power is initially assigned to the
lefthand elements, then to the righthand elements. Elements with low amplitudes are
considered to be switched off. At θ0max, a Taylor distribution is used, and only the side
lenses focus the wavefronts.
The lenses can be fitted onto an existing phased array with amplitude control. In
Chapter 3, a low-cost feed network for millimetre wave phased arrays was proposed.
Several hard-wired prototypes were fabricated incorporating different feed networks.
Those networks were designed to provide the necessary amplitude and phase excitations.
In this chapter, similar feed networks are used to drive the phased array.
4.4 Cascaded Fresnel Lens Antenna Design
This section describes a design procedure for the cascaded Fresnel lens antenna. The
inputs to the procedure are the operating frequency f0, the required gain G, and the
outputs are the physical dimensions and material properties of the antenna.
The procedure is as follows:
1. Determine the required boresight gain, via a link budget calculation.
2. Design a phased array whose gain matches the above requirement.
3. Estimate the additional lens gain required, to compensate for losses within the
feed network.
4. Determine the gain required from the lenses as a function of steering angle, which
depends on the scan loss.
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5. Determine the lens parameters (e.g. s, t).
6. Determine the focused element factors, either through calculation or simulation.
7. Calculate the excitation to be applied to each element of the phased array.
8. Calculate the power split ratios and the physical layout of the feed network.
The antenna requirements are determined through Steps 1-4. Steps 5-8 describe the
design of the lens dimensions and the array excitations (i.e. amplitudes and phases)
necessary to obtain a design that satisfies the requirements.
4.4.1 Antenna Requirements
A microcell access point is considered as a case study. Table 4.1 presents a base station
antenna specification, in a downlink scenario. This is based on the link budget in
Appendix A (Table A.1), which is calculated based on a link range of 200 m. For
simplicity, free-space path loss is assumed. Note that the gain requirements and antenna
structure designed will be particular to the given scenario.
The phased array antenna designed in Chapter 3 is used as the feeding array to il-
luminate the lenses. The definition of scan loss from (2.4) and (2.5) will be used to
determine the required gain. In order to overcome scan loss, the antenna must restore
the gain, at any angle, to the same value as obtained at boresight, using (4.7) defined
in Section 4.3. Hence a minimum lens focusing gain is needed, to redirect the available
power. The required focusing gain Greq(θ0), described in Section 4.3, is quantised into
discrete angular steps, each corresponding to the position of one or more lenses.
Several losses within the antenna are independent of the steering angle, for example
the efficiency of the microstrip patches (0.8 dB), tapered transition (0.2 dB), and the
lens matching layers (0.62 dB). In order to compensate for the total loss Ltotal, at least
one inner lens, of focusing gain G1 = 2.55 dB, is required at all steering angles. Note
that this gain value includes the efficiency of the lens itself (insertion loss below 0.01
dB using the Rexolite® 1422 material).
The feed network insertion loss Lfeed is approximately proportional to the number of
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power division stages, which increases with the number of elements.
Lfeed(dB) = 10αfeed(λ0(log2(N) + 2)) (4.9)
where αfeed = 0.01163 dB/mm. For an 8-element array, the feed loss is calculated to
be 0.668 dB, which is close to the simulated value of 0.66 dB [207].
Table 4.1: Antenna specification for a 5G microcell base station
Criterion Value
Gain 17 dBi
Beamwidth (azimuth) 17°
Beamwidth (elevation) 20°
Sidelobe Level -10 dB (for an SINR of -5.73
dB)
Steering range per sector (azimuth) ±60°
Steering range per sector (elevation) 0° to +70° (35° downtilt)
Number of sectors 3
Beams per sector 1. (Multibeam in later design)
Frequency band (UL and DL) 27.5 – 29.5 GHz
Signal bandwidth 1 GHz
Raw data rate per sector (SISO) 2 Gbps, assuming OFDM
Useful, coded data rate 0.5 Gbps
The initial antenna design, based on the 8-element array from Chapter 3, did not meet
the gain specification of 17 dBi mentioned in Table 4.1. Following careful investigation,
it was found that mutual coupling of up to -16.1 dB between the array elements reduced
the peak gain in the boresight direction, by Dcoupling = 1.63 dB, to 6.37 dBi.
The taper efficiency indicates the reduction in directivity due to applying non-uniform
amplitudes at the array elements. The taper efficiency of the Taylor distribution [35,
p. 69] as well as amplitude and phase errors within the feed networks [207] reduce the
directivity by 0.56 dB and 0.3 dB, respectively. To account for these effects, the required
number of elements in the phased array feed PCBs must be increased. Hence, N =⌈
10(G(0)−GEF+Dcoupling+DTaylor+Derrors)/10
⌉
= 15. This larger array could be implemented
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Figure 4.12: Lens dimensions in mm, including a cross-section through the central lens.
Inset: equivalent circuit for interface between air, one matching layer, and Rexolite®.
as two rows of 8 elements. As the rows point in different elevation directions beneath
the lenses, co-phasing of +30° and -30° between rows is required to produce a 17 dBi
beam.
4.4.2 Lens Design: Physical Dimensions
Recall that the lenses are arranged around a circular arc. The lenses need to be di-
mensioned and arranged to prevent one lens from blocking another. In order to achieve
this, the following must be minimised:
1. Angular overlap between lenses. This determines the number of inner lenses
Ninner.
2. Axial overlap between lenses. This is prevented if the axial separation is greater
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than the lens thickness.
The zone radii rij of the inner lenses are given by [119]:
rij =
√
Fjλ0i+
(
λ0i
2
)2
(4.10)
where integers i = 1 to Nzones and j = 1 to M .
Fig. 4.12 shows a cross-section through an inner lens of focal length F1 = 20 mm. The
F/D ratio helps to determine the trade-off between gain and steering range [208]. Each
lens has the same number of zones Nzones. F/D = 0.4 and Nzones = 2 were selected to
limit the lens diameter Dm. For the inner lenses, m = 1.
Next, the inner lens diameter D1 [119] is calculated, along with the subtended angle
θsub = tan
−1 (D1/2F1) [160].
Dm = 2
√
Fmλ0Nzones +
(
λ0Nzones
2
)2
(4.11)
Fm is the focal length of a lens at cascading depth m = 1 to M . The lens angles,
between the centre of each lens k and the array normal (z-axis) are given by:
θk = θ0max
(
k − Ninner + 1
2
)
(4.12)
where k = 1 to Ninner. In this design, Ninner = b180°/θsubc = 3, so there is a lens at
boresight and at ±θ0max. Each lens covers an angular range θk ± θsub2 .
In this step, the lens combination is designed to achieve the desired gain. Consider Fig.
4.12. F1, F2, F3 are the focal lengths of the individual lenses. Scale factors s1, s2, s3
are ratios of these focal lengths according to sj = Fj/F1, and are used to determine
the lens diameters D1, D2, D3.
Cascading depth, M(θ0), is the number of lenses arranged along a straight line pointing
outwards from the array center at an angle θ0. The matching layer insertion loss
constant αmatch =
pi
λ0
tan δ Np/mm = 8.686 piλ0 tan δ dB/mm [50], causes exponential
decay e−2Mαmatchtmatch of the signal power. As M is increased, the total insertion loss
increases, equal to 2MLmatch = 2Mαmatchtmatch. However, the focusing directivity also
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increases, provided that the outer lenses are positioned appropriately such that the
focal point of the cascaded zone plate triplet is located at the center of the phased
array. More insertion loss could be tolerated if the directivity of each lens is increased.
The matching layer loss threshold αthreshold = 1/(4tmatch) ln
(√
3G1
)
is a value of loss
constant above which adding more lenses (increasing M) will reduce the gain. This
occurs if αmatch > αthreshold. To appreciate this, rearrange the straight-line equation
describing the data points in the inset to Fig. 4.12. The resulting equation is in terms
of the loss tangent: tan δ < (14.616 − Gno lenses)/58.439 = 0.0829. The realised gain
resulting from this trade-off is visualised in Fig. 4.13, for 1, 2, or 3 side lenses.
All of the side lenses are scaled copies of the inner lens, which has focusing gain G1. If
G1 is increased, the loss threshold increases (to achieve a target gain value Greq(θ0)),
so fewer lenses are needed to achieve the target gain.
Greq(θ0max) = G1 cos
−1.5(θ0max)e2Mαmatchtmatch (4.13)
For the fabricated design, a cascading depth value M = 3 was selected.
Greq(θ0max) = G1
F3
F2
(4.14)
Now the focal lengths are calculated. The cascaded lens arrangement aims to achieve
a greater gain increase (focusing gain) than could be achieved using a single lens,
whilst maintaining the same back focal length F and subtended angle. When M = 3,
assuming thin lenses, F can be expressed using (4.8). It is assumed that the distance
from each lens to the array center is equal to the focal length of the lens. The focal
lengths are chosen so that the back focal length F = F1. Substituting this into (4.8)
and rearranging gives F3 = 3F1. Combining this with (4.14) gives the value of F2:
F2 = 3F1
G1
Greq(θ0max)
(4.15)
If the lenses are thin, F2 can be adjusted to set the focusing gain.
Eqs. (4.8), (4.14), and (4.15) are not claimed to be exact equations designed from
electromagnetic field theory. They are approximate models based on the thin-lens
assumption [101, pp. 156-159]. It was later found that the focal point is closer to the
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Figure 4.13: Simulated and measured peak gain vs. cascading depth M (number of
side lenses) for the Taylor β = 144° PCB, for different values of matching layer loss
tangent. Inset: Effect of matching layer loss tangent tan δ on simulated peak gain, for
M = 3.
rear surface of the inner lens than expected. This is due to the focal shift effect which
occurs for Gaussian beams [209]. In Section 4.4.3, the outer lens was repositioned to
compensate for this effect.
For values of M larger than 3, the focal length of an arbitrary number of cascaded
lenses can be calculated using (10) recursively. The radial dimensions of the lenses
(Table 4.2) increase with distance from the array center. The outer lens zone radii are
approximately proportional to the inner lens radii:
rij ≈ Dj
D1
ri1 (4.16)
The lens zone radii could be more accurately calculated using (4.10). The values of the
zone radii, calculated by scaling, are given in Table 4.2.
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Table 4.2: Lens zone radii rij (mm)
Lens Index i
1 2 3
Zone 1 15.29 20.74 25.05
Index 2 22.83 30.96 37.40
j 3 25.00 33.90 40.95
4.4.3 Design Enhancements
In the original fabricated design, the lenses were positioned 20, 40, and 60 mm away
from the array center. This resulted in an incorrect focal point, which distorted the
main lobe of the steered radiation pattern. As described earlier in Section 4.4.2, this
defocusing is due to the focal shift effect which occurs for Gaussian beams. Removing
the middle lens was later found to yield a gain increase of 3.32 dB. This was discovered
after the antenna had been fabricated. The distortion can be reduced by optimising
the positions of the lenses in the triplet. In an improved design, these values have been
adjusted to 20.4 mm, 41.3 mm, and 81.3 mm respectively. The lens tilt angle is reduced
from 60° to 52°, and the diameter of the outer lens is increased by 5%.
Consider the lenses as a microwave telescope. An intermediate focal point occurs be-
tween the middle and outer lenses, as shown in Fig. 4.15. As described by Abbe´’s
theory of image formation [101, pp. 603-604], this is located on the Fourier transform
plane between the middle and outer lenses. Due to similar triangles (and the corre-
sponding angles at which the rays cross), moving the outer lens further away moves
the focal point further from the lenses, i.e. towards the phased array source. It was
necessary to scale the zones of the outer lens so that it focuses on the intermediate
focal point.
The angular magnification M of the lens combination is given by [101, pp. 224-225]:
M = −fo
fe
(4.17)
where fo is the distance from the outer lens to the intermediate focal point, and fe is
the distance from the middle lens to the intermediate focal point. M represents the
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Figure 4.14: Repositioning of the side lenses to focus on the center of the phased array,
when steering to the maximum angle. (a) Physical dimensions in mm, and H field
magnitude, (b) Simulated azimuth radiation patterns for the original and improved
designs, fed by the Taylor β = 144° PCB. A peak gain increase of 1.5 dB can be
observed.
additional focusing gain compared to a single inner lens. According to [101, pp. 224-
225], the total distance between the middle and outer lenses should be equal to the
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Figure 4.15: Scaling and repositioning of the outer lens to create an intermediate focal
point. The resulting magnification compensates for the focal shift effect which occurred
in the original design.
sum of their focal lengths. This can be expressed as ∆z′ = fo + fe. Note that (4.17) is
included in (4.14).
However, diffractive zone plate lenses were used in this design, so additional higher-
order focal points occur for each lens in the z′ direction [205, pp. 154-155]. This is
analogous to the Talbot effect, which is caused by the periodicity of the repeating
grooves in the lenses (series of diffraction gratings) [210]. It means that a factor of
2
√
3 must be accounted for in the lens focal lengths. fe =
F2
2
√
3
= 11.55 mm and
fo =
F3
1.05×2√3 = 16.50 mm, where F2 = 40 mm and F3 = 60 mm are the first-
order focal lengths from the original design, and 1.05 represents the 5% scaling in
outer lens diameter. The separation between lenses can then be calculated as ∆z′
= 11.55 + 16.50 = 28.05 mm, and so the outer lens position can be calculated as
F2 + d23 = F2 + tlens + slens + ∆z
′ = 41.3 + 8.764 + 3.254 + 28.05 = 81.368 ≈ 81.3 mm.
As shown in Fig. 4.14(a), the corrected focal point is now located towards the centre
of the phased array. With this enhancement, the scan loss is reduced to 0.89 dB, and
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the simulated gain at the maximum steering angle has increased to 15.6 dBi. This is
shown in Fig. 4.14(b), which corresponds to illumination by the phased array.
4.4.4 Lens Materials, Thickness and Groove Depth
To simplify the design, a lossless dielectric was assumed (tan δ = 0, i.e. 
′′
rlens = 0). The
lens depth dimensions are given by [119]:
s =
λ0
2(
√
rlens − 1)
(4.18)
t =
λ0
2
√
rlens
(4.19)
These formulae were used for the single lens design in Section 4.2.
The matching layers (antireflective coatings) act as quarter wave transformers to min-
imise reflections, and maximise the total efficiency (Fig. 4.12). As the wave propagates
through the layers, the wave impedance Z = |E||H| decreases at the air-ePTFE and
ePTFE-Rexolite® interfaces, then increases from the lens to free-space through the
remaining layers1. A detailed discussion of wave impedance can be found in Appendix
A.4 and the equivalent circuit is shown in the inset to Fig. 4.12.
Eq. (4.20) gives the optimum value for the permittivity of the matching layer material
(denoted rmatch) [50, pp. 73-74]. The value of rmatch = 1.59, calculated using (4.20),
lies between that of air and that of the lens. Eq. (4.21) can be used to calculate
the optimum matching layer thickness tmatch = 2.12 mm. ePTFE was chosen as the
matching layer material to meet these requirements. The chosen ePTFE material had
a thickness of 3 mm and a permittivity of 1.4.
rmatch =
Z0
Zlens
=
√
rlens (4.20)
1Due to the proximity of the inner lenses to the phased array, near-field effects significantly increase
the wave impedance at all points in space within the near-field region, defined by r < 2(D cos(θ))
2
λ0
.
However, as this effect scales the impedance of all materials equally, the reflections within the matching
layers still cancel, and so inner lenses are still matched to the phased array.
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Figure 4.17: Theoretical focused EFs simulated in: (a) MATLAB®, (b) CST Mi-
crowave Studio®.
tmatch =
λg
4
=
λ0
4
√
rmatch
(4.21)
The values of parameters s, t, rmatch and tmatch depend only on λ0 and rlens, so are
the same for all of the lenses. Z0 = 377 Ω is the impedance of free-space.
4.4.5 Amplitude and Phase Distributions
Fig. 4.16 shows the geometry of the lenses around the 8-element phased array, and Fig.
4.17 shows the focused EFs, generated by the theoretical model presented in Section
4.5. Agreement to within 33.3% in the main lobe directions is observed between the
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Figure 4.18: Main lobe splitting which occurs when phase-only control is used. Simu-
lated radiation patterns for beam steering in the region between the central and side
lenses (solid line is Special β = 72°, i.e. asymmetric amplitudes; dashed line is Taylor
β = 72°, i.e. symmetric amplitudes).
focused EFs simulated using MATLAB® code, based on the diffraction theory, and
the radiation pattern of each probe-fed patch beneath the lenses, simulated in CST
Microwave Studio®. Due to the use of the Fraunhofer approximation, the theoretical
model did not account for the ripple in the main lobe shapes and an increase of up
to 10 dB in the sidelobes. The MATLAB® simulation provides a preliminary design
enabling the effect of adjusting the parameters to be quickly assessed, before running
the full-wave CST simulation.
4.4.6 Asymmetric Feed Networks
At boresight and the maximum steering angle, it is essential to use the feed networks
from Chapter 3 to produce Taylor amplitudes at the elements, minimising the SLL of
the radiation pattern with the lenses. Figs. 4.18 and 4.19 show the main lobe splitting
effect1 which occurs if symmetric (Taylor) amplitudes are used, and the improvement
1This undesirable split main lobe must be distinguished from a deliberately synthesised split main
lobe, mentioned in Chapter 2 Section 2.1.
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(a)
(b)
Figure 4.19: Simulated magnetic field distribution (Hx component) for beam steering
in the region between the central and side lenses. (a) Taylor β = 72°, which produces
main lobe splitting, (b) Special β = 72°, for which a single main lobe can be observed
due to the use of asymmetric amplitudes.
when asymmetric amplitudes are used.
Next, the PCBs with special amplitudes are designed. In the region between the central
and side lenses, the asymmetric element amplitudes a
′
i(θ0) are calculated using a skewed
Taylor distribution. To skew a conventional Taylor distribution ai [207], it is multiplied
by an exponential decay or growth (which is sampled at N equally spaced points).
The skewing parameter ξ represents the asymmetry (to the left if ξ > 0, to the right
for ξ < 0). As shown in Fig. 4.16, ξ changes sign at θ0 =
θ0max
2 , so has a sawtooth
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Figure 4.20: Amplitudes required for each beam direction, as skewed Taylor distribu-
tions. The amplitudes are then normalised to the same total power, and a progressive
phase is applied for beam steering.
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Figure 4.21: Phase excitations for fine steering in the region between the central and
side lenses, from θ0 = 20° to 40°. (a) Coarse steering, (b) Fine steering using Special β
= 50° amplitudes.
shape. It is related to the geometry described by (4.30) in Section 4.5.2.
ξ(θ0) = −2.5 tan−1
(
cot
(
piθ0
θ0max
− pi
2
))
(4.22)
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=
 2
θ0
θ0max
θ0 <
θ0max
2
4
(
θ0
θ0max
− 1
)
θ0 ≥ θ0max2
(4.23)
To implement the amplitudes in Fig. 4.20, an unequal divider with a voltage split ratio
K = 0.25 was designed (Fig. 4.23).
In the region between the central and side lenses, the progressive phase β(θ0) was
reduced by a factor of 0.65, so values β = 46.6° and 72° were chosen for steering angles
θ0 = 14° and 40°. These are shown in Fig. 4.21(b). β was implemented via meanders.
For the first time, the amplitude at element i is given by:
a
′
i(θ0) = aie
−3ξ(θ0)d(i−N+12 ) (4.24)
The phase at element i is given by:
φ
′
i(θ0) =
−(ψ + 0.65kd cos θ0)(i− 1) 20° < θ0 < 40°−kd(i− 1) cos θ0 otherwise (4.25)
In order to achieve fine beam steering at the discontinuity between lenses (around θ0
= 30°), the Special β = 50° amplitudes are used. For the phases, ψ = 10(θ0 − 26°) if i
= 7,8 or ψ = 0° otherwise. Each value of ψ corresponds to a different fine steering of
the beam direction θ0.
To achieve asymmetric amplitudes, certain elements and their feed lines were removed
from the special PCBs. This is because the amplitude excitation at these elements is
set to zero. For Special β = 46.6°, these were elements 1, 7, and 8, and for Special β
= 72°, these were elements 1–4. The input power was shared between the remaining
elements, and the total number of elements was reduced, compared to the Taylor PCBs.
Although this reduced the gain of the asymmetric feed PCBs on their own, the final
radiation pattern with the lenses was much improved at steering angles θ0 = ±20° to
±40°, as shown earlier in Figure 4.18. This is because the use of a wider beamwidth to
illuminate the lenses reduces main lobe splitting compared to a very directional beam.
The excitations for coarse steering in this region have been calculated in MATLAB®,
and are plotted in Fig. 4.21(a).
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Figure 4.22: Special PCBs: Voltage split ratios Ki and physical dimensions in mm.
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Figure 4.23: S parameters of the K = 0.25 unequal divider.
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4.5 Theoretical Analysis: Derivation of the Focused
Element Factors
In this section, the focused EFs are derived from diffraction theory. For the first time,
focusing effects from multiple lenses are combined in (4.31) and (4.33). The middle and
outer side lenses are in the far-field of the radiating elements, so their focusing behavior
can be approximated as Fraunhofer diffraction. As the inner lenses are located within
the near-field of the phased array antenna, the wavefronts will be paraboloidal. Fresnel
integrals [101] [211] could be used to more accurately model this pattern, accounting
for interference between wavelets of varying phases. However, it will be shown that the
Fraunhofer approximation gives sufficiently accurate results.
The properties of zone plates have been extensively analysed in terms of Fresnel diffrac-
tion theory. Wavelets propagating through an aperture will travel forwards, because the
fields add constructively in that direction [212]. This is known as the Huygens-Fresnel
principle [213], and can be described by a Huygens source with an obliquity factor
K(θ) = cos θ+12 . This varies with the angle of propagation θ with respect to the normal
to an enclosing surface [101, pp. 501-505]. Historically, scalar diffraction was used to
model the fields, then a vector solution was developed, to take into account the polari-
sation of the E andH fields. A detailed derivation of the radiation pattern of a Fresnel
zone plate using Fresnel-Kirchhoff integrals can be found in [213, pp. 25-30,54-63].
4.5.1 Single lens
The local coordinates of the lens surface are denoted by (x′, y′). If the incident wave-
fronts are parallel to the x′-y′ plane, then the phase is uniform on that surface (as shown
in Fig. 4.24). Each groove in the lens produces a 180° phase reversal ∆φ = 2piλ0 (
√
r−1)s
relative to the lens centre [56]. As cos(∆φ) = cos(180°) = −1, this produces the minus
sign in (4.26).
By superposition, the phase distribution φ(r) of a single lens is a sum of circular
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Figure 4.24: Local Cartesian (x’, y’) and polar (r, ρ) coordinate systems for a single
lens, within a global polar coordinate system (x, y, z).
apertures [214]. For a lens with two zones, three different radii are involved.
φ(r) = circ
(
r
r1
)
− circ
(
r
r2
)
+ circ
(
r
r3
)
(4.26)
where r =
√
x2 + y2 and circ(r) is the circular function, with a value of 1 if r > 1, and
0 otherwise.
Diffraction through a circular aperture is obtained by integrating the E field over x′
and y′.
G(u, v) =
∫ +∞
−∞
∫ +∞
−∞
φ(r)e−j2pi(ux
′+vy′) dx′ dy′ (4.27)
To simplify the calculation, the coordinates are changed from Cartesian to polar coor-
dinates [101].
G(r) =
∫ r0
0
∫ 2pi
0
φ(r)ejkr cos(ρ−r0)ρdρdr (4.28)
This is transformed to a 3D polar system to obtain the azimuth pattern of a patch
beneath a single lens. It is a sum of Airy disks, expressed in terms of Bessel functions
of the first kind, J1(li) [101] [205].
Gkq(θ) = cos
1.5 θ
(
1
3
(
J1(l1)
l1
− J1(l2)
l2
+
J1(l3)
l3
))
(4.29)
where li =
ri1 sin(θ)
1.22λ0
1. rij was defined in (4.10).
1sin(θ) is used here instead of the small-angle approximation sin(θ) ≈ θ used in [214].
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4.5.2 Multiple Cascaded Lenses
As shown in Fig. 4.16, each element i is displaced ∆x =
(
i− N+12
)
d from the centre
of the array. From the height of each side lens Hk = F1 cos θk, the angle θi,k between
element i and the centre of lens k is:
θi,k = 90− tan−1
(
1
tan θk +
∆x
Hk
)
(4.30)
Multiplying the focusing effects of each side lens produces the same focusing effect as
a single equivalent lens [211]. Due to the scaling property of the Fourier transform,
a lens with larger zone radii will give a narrower beamwidth (higher magnification).
G2(θ) = G21(θ2). When M = 3:
G1(θ) = G11(θi,1)G12(θi,1)G13(θi,1) (4.31a)
G3(θ) = G31(θi,3)G32(θi,3)G33(θi,3) (4.31b)
where θi = θ + θi,k and Gkq(θ) was defined in (4.29). By superposition, assuming
minimal bending of the rays or interreflections, the lens diffraction patterns are added
to produce several main lobes within each EF. Hence, the focused EFs are given by
(4.32).
Vi(θ) =
1
3
(G1(θ) +G2(θ) +G3(θ)) (4.32)
Assuming that pattern multiplication is valid, the final radiation pattern can be esti-
mated as:
P (θ, θ0) =
N∑
i=1
a
′
i(θ0)Vi(θ)e
(i−1)jkd(cos θ−sin θ0) (4.33)
where k = 2piλ0 and d is the spacing between elements. Note that P (θ, θ0) dB =
20 log10 |P (θ, θ0)|.
A mathematical model, based on equations (4.29) – (4.33), was created in MATLAB®
to calculate the radiation patterns of the complete antenna including the array and the
lenses. In Fig. 4.25, good agreement is observed between the theoretical and measured
radiation patterns (with a maximum error of 15% in the beam steering direction),
excluding the Special β = 46.6° phased array feed PCB, whose beam steering direction
calculated in MATLAB® is different to the direction obtained via measurement and
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Figure 4.25: Measured (blue) and theoretical (red) azimuth radiation patterns, with
lenses and matching layers, showing acceptable agreement (to within 15% error in the
beam direction). (a) Taylor β = 0°. (b) Special β = 46.6°. (c) Special β = 72°. (d)
Taylor β = 144°.
via simulation in CST Microwave Studio®. The reason for this is that additional
refraction and diffraction effects, due to the lenses, were not modelled in MATLAB®.
The difference in gain within the sidelobes, in particular around θ = ±90°, can be
explained by the minimum gain level of -19.65 dBi assumed in the element factor model.
A more accurate model which includes backlobe effects behind the ground plane is
available in [5, pp. 835-838]. Diffraction effects in the fabricated design produced lobes
in the end-fire direction, which were not predicted by pattern multiplication. It is also
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difficult to model the interference of wavelets in the end-fire direction, because the
obliquity factor of diffraction tends to zero at 90°.
4.6 Prototype Fabrication
(a) (b)
Figure 4.26: Photograph of the fabricated single lens antenna. (a) 3-element array and
base, (b) Assembled design with the lens.
Fig. 4.26 shows the fabricated single lens prototype. Nylon screws were used to min-
imise any effect on the antenna performance.
Fig. 4.27 illustrates the 7-lens antenna prototype, fabricated using conventional man-
ufacturing techniques. It is essential to select low-loss materials to maximise the total
efficiency. Rexolite® 1422 was selected as the lens material (rlens = 2.53, tan δ =
0.0001 at 10 GHz). Its refractive index is n =
√
rlens = 1.59. For each lens, impedance
matching layers of thickness λg/4 reduce reflections and improve the efficiency. They
are made from expanded Teflon® (ePTFE, rmatch = 1.4 and tan δ = 0.03 at 10 GHz).
ePTFE is available with a 3 mm thickness. It does not absorb water, so is suitable
for outdoor applications. A different PCB was designed for each beam direction. The
PCBs were fabricated on Rogers® RT5880 substrate (r = 2.2, tan δ = 0.0009 at 10
GHz). To improve the front-to-back ratio, a metal plate reflector of thickness λ04 was
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Figure 4.27: Photo of the fabricated antenna. Inset: side view showing a phased array
printed circuit board (PCB) beneath the lenses.
placed at a distance 3λ04 behind the array.
The side lenses were machined on a lathe. The central lens was CNC machined from
HDPE (r = 2.3, tan δ = 0.001), a recyclable, low-cost plastic. The laser-cut matching
layers were glued to the lenses using Araldite® epoxy resin. The lenses and steel plate
were screwed onto the base, which was 3D printed from PLA (r = 3.5, tan δ = 0.0073).
2.92 mm end-launch solderless connectors were screwed to the etched PCBs, which were
slotted into grooves in the base, beneath the lenses.
There were a few differences between the simulated design and the fabricated antenna.
The machining tolerance of the antenna part fabrication was ±0.25 mm for widths
and thicknesses, and ±0.5° for angles. The use of scaling to calculate the outer lens
zone radii reduced the directivity, and the thickness of the metal plate and matching
layers was 3 mm, rather than the ideal 2.68 mm. The ePTFE material did not have
a datasheet, so the exact values of its permittivity and loss tangent were unknown.
Nonetheless, as will be seen in Fig. 4.36, the rmatch value was similar to the desired
value because the adjusted simulations agreed with the measurement results.
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The antenna dimensions are 180 × 90 × 82 mm. The proposed antenna yields an
acceptable gain level (above 12 dBi) over a moderately wide steering range (±52°),
compared to a conventional phased array. This justifies its bulkier form factor, as it is
intended for access point applications.
4.7 Simulation and Measurement Methods
This section outlines the methods involved in the simulation and measurement of the
cascaded lens antenna. The design was simulated in CST Microwave Studio® 2016
using the time-domain Hexahedral TLM solver. Details of the simulation methods are
provided in Appendix B.1, and experimental methods are in Appendix B.3.
The loss tangent value of 0.03 for the matching layer material (ePTFE), used in the
prototype, was deduced by adjusting tan δ in simulation until the simulated and mea-
sured main lobe gain agreed. This corresponds to the straight line fit in the inset to
Fig. 4.13. To evaluate the fine steering performance of the antenna in the angular
region between the central and side lenses, the amplitude and phase excitation values
were applied via post-processing in CST Microwave Studio®.
It is challenging to measure the elevation directions of the beams in the anechoic cham-
ber, because this would require a tilted pattern cut through steered beams (see Fig.
5.31 in Chapter 5). Instead, prior to measuring with the lenses, the Ey fields associated
with the phased array PCBs were measured using an electro-optic (EO) probe [215].
Details of the test setup are provided in Appendix B.3.
Movement along the x, y, and z axes, and flexure of the phased array feed PCBs,
can cause random errors in their physical alignment beneath the lenses. This affects
the measured radiation pattern, so must be minimised. To improve the measurement
repeatability, a fixture was designed to hold the PCBs firmly in place and prevent
bending, as far as possible.
An experiment was designed to quantify the effect of errors in the feed PCB position.
The feed PCB was deliberately displaced in the x-direction by ±1 mm, and then in
the y-direction by 5 mm. As shown in Fig. 4.28, this caused a gain variation of up
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Figure 4.28: Measured effect on the realised gain of displacement and bending of the
Special β = 72° feed PCB, beneath the lenses.
to ±0.627 dB. Next, the PCB was bent around a copper former having a diameter 3
cm, and the beam direction changed significantly as observed in Fig. 4.28. The gain
varied by up to ±1.8 dB when this effect was included. Using the improved test setup
described above, a significant improvement in the repeatability of the measured gain
values was observed (variation was reduced to within ±0.1 dB), so these errors can be
reduced to acceptable levels.
4.8 Results
This section presents the simulation and measurement results for the single lens and
the cascaded lenses.
4.8.1 Single lens
S Parameters
Fig. 4.29 shows that the single lens antenna resonates in a millimetre wave band, so is
suitable for communications. The |S11| < −10 dB bandwidth common to all elements
is 720 MHz, with a centre frequency of 26.73 GHz. The middle element has a dual
resonance due to an interaction between the patch and the feed meander, giving a
bandwidth of 1.74 GHz, in the range 26.34 GHz – 28.08 GHz. This partially covers
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Figure 4.29: Measured S parameters for the 3-element array without the lens and
without the base. This corresponds to the ports in Fig. 4.2, which are numbered from
left to right.
the European band 24.25 – 27.5 GHz and the Korea, US, and Japan band 27.5 – 29.5
GHz. However, the usable bandwidth also depends on the frequency variation of the
directivity and radiation efficiency. The resonant frequency is 4.9% lower than in the
simulation, possibly due to the use of an adaptor, which adds an extra uncalibrated
electrical length of 120° compared to the simulations. From Fig. 4.30, the base has
little effect on |S11| and |S33|, but improved the matching for the middle element (port
2): the return loss |S22| increased. The results were found to be repeatable, provided
that the connector pin is aligned with the centre of the microstrip line.
Radiation Patterns
Figs. 4.31 and 4.32 show that the beamwidth is narrow in both planes (20° azimuth, 20°
elevation), which is close to the specification. From these, the directivity was estimated
to be 15.28 dBi, and since the peak gain was 12.75 dBi, the efficiency was estimated
to be 55.8% (-2.53 dB). This agrees with the loss budget of 2.6 dB, which is given in
Table 4.3. An excellent front-to-back ratio of 21.55 dB was achieved, due to the steel
plate reflector. The azimuth SLL is -9.4 dB. The largest contributors to the loss are
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Figure 4.30: Simulated and measured S parameters for the 3-element array with the
base. Due to the width of the cables compared to the spacing between connectors, the
other ports were open-circuited, rather than terminated with 50 Ω. This altered the
measured impedance values.
-180 -135 -90 -45 0 45 90 135 180
Azimuth angle (°)
-40
-30
-20
-10
0
10
20
Figure 4.31: Azimuth patterns at 27 GHz for elements 1 and 2 with the base, with and
without the lens.
the feed lines and unwanted reflections, which must be minimised in future designs.
To confirm that the matching layer material (ePTFE) has low loss at 28 GHz, three
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Figure 4.32: Elevation co-polar pattern at 27 GHz for element 2 with the base and the
lens.
measurements of the lens were made: without the matching layer, with the matching
layer attached to the lens with sticky tape, and with the matching layer attached to
the lens using Araldite® adhesive. No visible change in measured |S21| was detected
when the adhesive was used. When absorber material was used instead, an additional
loss of around 20 dB was observed.
The measured cross-polarisation level, compared to the co-polar gain, was -23.5 dB at
boresight, which indicates that this design could be suitable for dual-polarised com-
munications. However, this value is much higher than the value of -51 dB predicted
Table 4.3: Efficiency/loss budget of the single patch antenna with a single lens
Contributor to Loss Loss (dB)
Feed conductor loss 0.52
Lens illumination loss 0.22
Reflection from lens surface 0.5
Feed mismatch 0.5
Patch radiation efficiency 0.86
Total loss 2.6 dB
4. Cascaded Fresnel Lens Antenna for Scan Loss Mitigation 129
Table 4.4: Calculated phase constants and beam directions for the phased array PCBs
Phased Array PCB βx (°) βy (°) φ0 (°) θ0 (°)
Taylor β = 0° 12.99 23.77 28.65 8.66
Taylor β = 144° 124.4 25.50 11.58 44.87
by both CST simulation and [205, p. 240], possibly due to inaccurate alignment. In
these initial measurements, there was an angular error of around 10° in the radiation
patterns, which caused a shift between the measured and simulated patterns. In sub-
sequent measurements, this was improved by the use of a laser aligner, as described in
Appendix B.3.
4.8.2 Cascaded Lenses
This subsection presents several results including simulated and measured fields, |S11|
and bandwidth, radiation patterns, fine steering and crossover gain, and the effect of
errors in the feed PCB position and shape on the radiation patterns.
As mentioned in Section 4.7, the fields associated with the feed PCBs were measured
using an electro-optic probe. The phase constants βx and βy were calculated from the
measured wavefronts presented in Fig. 4.33. Using (4.34) and (4.35), the calculated
azimuth and elevation beam directions, φ0 and θ0, were verified to be as expected from
simulation (Table 4.4). This established that the feed networks do not significantly alter
the direction of radiation, and hence that the lenses are being correctly illuminated by
well-defined wavefronts. The beam directions are given by [5]:
φ0 = tan
−1
(
βydx
βxdy
)
(4.34)
θ0 = sin
−1
√( βx
kdx
)2
+
(
βy
kdy
)2 (4.35)
Fig. 4.34 presents the simulated H field distribution and current density associated
with the antenna, along with the resulting radiation patterns. It is verified that the
fan beam from the array is focused, by the lenses, into a spot beam.
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(a) (b)
(c) (d)
Figure 4.33: Measured Ey-field magnitude (V/m) and phase (°), plotted against x- and
y- directions in numbers of steps. A well-defined wavefront can be observed. (a) Taylor
β = 0° magnitude. (b) Taylor β = 0° phase. (c) Taylor β = 144° magnitude. (d) Taylor
β = 144° phase.
Fig. 4.35 shows the measured return loss of the antenna. Recall that the different
feed networks provide different amplitude and phase excitations to the phased array.
In this way the different feed networks ensure that the lenses are correctly illuminated
and that the beam is steered. Although the resonant frequency of each feed network
is different due to the meanders, a -10 dB reflection coefficient bandwidth of 1.3 GHz
is achieved for all steering angles. As the lenses are impedance matched to the phased
array, they do not significantly change the load impedance experienced by the array.
This was verified by measuring the reflection coefficient |S11| of the phased array PCBs
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Figure 4.34: Simulated H field cross-section, surface current density in the feed PCBs,
and far-field radiation patterns. Results correspond to tan δ = 0.0004. (a) Taylor
β = 0°. (b) Special β = 46.6°. (c) Special β = 72°. (d) Taylor β = 144°.
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Figure 4.35: Measured S parameters of the complete antenna assembly: PCBs with
lenses and matching layers.
both with and without the lenses.
Fig. 4.36 shows good agreement between simulated and measured radiation patterns
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Figure 4.36: Radiation patterns for the PCBs with lenses and matching layers. Sim-
ulated (dash-dot line) and measured (solid line). Results correspond to tan δ = 0.03.
(a) Taylor β = 0°. (b) Special β = 46.6°. (c) Special β = 72°. (d) Taylor β = 144°.
(with a maximum error in peak gain below 0.332 dB). In Fig. 4.36(a), the boresight
gain of 15.35 agreed well with the simulated value of 15.28 dBi. In Fig. 4.36(b) and
4.36(c), the asymmetric PCBs illuminated the lenses to produce gains of 13.68 dBi and
13.67 dBi respectively. This verifies the success of the calculated amplitudes. In Fig.
4.36(d), a measured gain of 12.96 dBi was produced by the lens antenna fed by the
Taylor β = 144° PCB.
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Figure 4.37: Measured radiation patterns for the PCBs with lenses and matching layers:
all steering angles. Results correspond to tan δ = 0.03.
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Figure 4.38: Simulated radiation patterns for fine beam steering in the region between
the central and side lenses.
Fig. 4.37 shows the gain variation of the antenna across the steering range. The
antenna has reduced the scan loss to 2.39 dB, and demonstrated a significant reduction
in beamwidth broadening.
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The crossover gain level represents the minimum achievable gain value. This is useful
for link budget calculations. In Fig. 4.37, beam steering with a measured crossover
level of 10.0 dBi has been demonstrated. Fig. 4.38 shows the simulated radiation
patterns corresponding to the Special β = 50° amplitudes from Fig. 4.20 and phase
excitation values from Fig. 4.21(b) in Section 4.4.5. Using these finer phase excitations,
a crossover gain level of 14.75 dBi was achieved. Further discussions on crossover gain
can be found in [126].
For the conventional phased array in Chapter 3, the boresight gain of the Taylor PCBs,
without lenses, was 11.9 dBi [207]. Due to scan loss, the gain reduced by 3.13 dB at
θ0 = 48° (for β = 144°). For the cascaded lens antenna reported in this chapter, the
lenses have increased the gain by 2.45 dB at boresight, and by 3.19 dB at θ0max = 52°,
compared to the feed PCBs without the lenses.
Table 4.5 summarises the antenna performance. The boresight efficiency of 75.3% was
calculated as the ratio between the directivity (16.0 dBi) and the measured boresight
gain (15.35 dBi), adjusted by the ratio of the measured and simulated beamwidths.
Despite the extra losses due to the matching layers, an efficiency of 62.5% was achieved
at θ0max = 52°. Additionally, the measured azimuth beamwidths of 21° / 24° / 27° /
26° agreed well with the simulated values of 24° / 22° / 22° / 20.5°, for β = 0°, 46.6°,
72°, 144°, respectively.
The measurements have verified several design features. The matching layers enabled
higher gain to be achieved than for the Rexolite® lenses on their own, even though
losses reduced the final gain values. For the Special β = 72° PCB, they increased the
gain from 8.0 dBi to 13.68 dBi. The steel plate reflector ensured that the front-to-back
ratio was at least 19.9 dB for all steering angles. Also, the Taylor distribution limited
the SLL. When measuring the uniform PCB with lenses, the boresight SLL was -6.2
dB, whereas with the Taylor PCB, it was -9.74 dB. This is higher than for the PCB on
its own (-15.2 dB), but is still acceptable1.
1In the fabricated prototype, the useful steering range for which the SLL is below -9 dB is ±14°.
This is because the steering range of the array from Chapter 3, used to illuminate the lenses, is ±20°
using this definition. If the amplitude and phase errors could be reduced to improve the SLL further,
the useful steering range could be extended to ±52°.
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Figure 4.39: Measured and theoretical realised gain vs. frequency for the Special β =
72° PCB, showing an acceptable bandwidth (of at least 1 GHz to support a 5G signal).
Fig. 4.39 displays the measured antenna gain Gf (dBi) versus frequency, f in GHz. Eq.
(4.36) was empirically derived by curve fitting to a result obtained via measurement.
It comprises two terms: a high-pass response, due to the tapered feedline transition,
and a bandpass response, due to a second-order (single pole) resonator. The first
term was derived from the reflection coefficient of a triangular taper from [50, p. 260].
The second term can be attributed to the patch element (see [5, pp. 726-731] for an
equivalent circuit). The return loss bandwidth of the complete antenna (1.3 GHz) is
wider than that of a single microstrip patch (1.06 GHz). This means that the lenses
and matching layers do not significantly affect the bandwidth of the antenna, and that
the patch limits the bandwidth more than the lenses, matching layers, or feed network.
The measured 3 dB gain bandwidth of 1.75 GHz is sufficiently wide for 5G applications,
such as small cell millimetre wave access points, and satellite communication from
ships, aircraft, and trains. The bandwidth could be increased further through the use
of stacked patch elements, to cover the 26 GHz European band [71].
G(f) = 20 log10
((
sin (0.28f)
0.28f
)2 1√
1 + (f − 27.25)2
)
+ 51.4 (4.36)
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Table 4.5: Measured performance of the fabricated antenna
Achieved
Steering
Angle (°)
Measured
Gain
(dBi)
Simulated
Directivity
(dBi)
Total
Efficiency
(%)
SLL
(dB)
Taylor β = 0° 0 15.35 16.0 75.25 -9.74
Special β = 46.6° 14 13.69 15.1 79.27 -9.31
Special β = 72° 39 13.68 15.4 82.5 -6.90
Taylor β = 144° 52 12.96 16.0 62.5 -4.78
The frequency performance of Fresnel zone plate lenses has been extensively ana-
lyzed [216]. As the number of zones is reduced, the depth of focus increases, and
the bandwidth increases. This justifies the small number of zones Nzones = 2 used in
this design, and verifies that the lenses and matching layers are wideband. The results
in Fig. 4.39 agree well with the results presented in Fig. 15 of [147].
4.9 Discussion
It is useful to compare the presented design with the phased array reported in Chapter
3 and [207]. For the phased array without lenses, implemented as PCBs with Taylor
amplitudes, the boresight gain was 11.5 dBi. Due to scan loss, the gain reduced by 3.13
dB at θ0 = 48° (for β = 144°). For the antenna designed in this chapter, lenses have
been used to significantly increase the gain (by 2.45 dB at boresight, and by 3.19 dB
at the maximum steering angle of ±52°).
Table 4.6 compares the performance of the proposed antenna with that of state-of-
the-art works. These designs employ electronic beam steering, and have a single input
port. To enable fair comparison between different designs, the gain performance was
normalised according to (2.36) in Chapter 2. Note that the comparison is for the
original, fabricated antenna, rather than the improved design in Section 4.4.2. The
reduced scan loss of 0.89 dB for the improved design in Fig. 4.14 is better than most of
these state-of-the-art works. The gain value of 15.6 dBi at 52° is comparable with that
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Figure 4.40: Comparison with the state-of-the-art. (a) Realised gain vs. steering angle.
(b) Sidelobe level vs. steering angle.
of [71], [145], and [64]. The scan loss value of 3.8 dB for [123] includes switch network
losses. Excluding these losses, the scan loss value would be 1.3 dB.
Table 4.6: Performance comparison with state-of-the-art designs.
Design Operating
Frequency
(GHz)
Number of
elements
Scan angle
range (°)
Boresight
gain (dBi)
1D Scan loss
at 50° (dB)
Maximum
SLL (dB)
Equivalent
boresight
gain (dBi)
This work 28 8 ±52 15.35 2.39 -4.78 15.35
[145] 28 7 ±30 19 6 -12.1 19.56
[79] 5.2 64 ±75, ±75 19 1.5 -10 11.38
[120] 77 33 ±90, 0-20 28 0 -15 16.17
[123] 71 16 ±40 19.6 3.8 -14 11.26
[71] 28 16 ±49.5 19.88 1.18 -12.1 16.38
When compared with state-of-the-art designs, the proposed design offers three main
advantages: high average gain, low scan loss, and a moderately wide steering range of
±52°. These make it suitable for use within 5G small cell access points. Additionally, by
using phased arrays, the design avoids the need for a complex and costly switch matrix
such as that used in [123]. The proposed antenna has several possible applications,
requiring beam steering with high gain at moderately wide steering angles. Potential
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5G applications include wireless access points, and satellite user terminals, such as
those mounted on the roof of a building, vehicle, or aircraft.
Fig. 4.40(a) shows the gain versus steering angle performance of the novel antenna
compared with that of state-of-the-art designs. A trade-off is observed between gain
and steering range. As in Table 4.6, the gain values were normalised with respect to
element spacing, wavelength, and number of elements. The measured boresight gain
of the cascaded lens antenna is comparable with the values reported in [64] and [79].
Applying a straight-line extrapolation to the results from [145], the design proposed in
this chapter achieves comparable gain performance at θ0 = 52°. However, the proposed
design is able to steer to this angle. Fig. 4.40(b) shows that the novel antenna has
higher SLL than state-of-the-art designs, making it more susceptible to interference,
which decreases the SINR. The level of interference produced will be determined by
the direction of the sidelobe (within the sector, or towards adjacent sectors or cells), as
shown in Chapter 5 Section 5.6. However, at millimetre wave frequencies, the receiver
performance may be limited by noise rather than interference [1], due to the relatively
high noise figure of the RF chains.
By increasing the signal-to-noise ratio (SNR) of the received signal compared to a
conventional phased array, this antenna could improve the link budget performance of
a 5G system [37], especially for users located at azimuth angles in between sectors. At
low SNR values, the capacity increases linearly with SNR [217]. Hence, this antenna
could increase capacity (i.e. data rates) for users at the cell edge, to achieve the data
rate requirements discussed in Section 4.4.1 and Chapter 2 Section 2.1. The capacity
will be discussed further in Chapter 5 Section 5.6. A low SNR is also often observed
at wide steering angles by low Earth orbit (LEO) satellite terminals, due to the high
noise temperature of the ‘hot’ Earth [218]. By increasing the gain in these directions,
the proposed antenna could increase the received signal power, and greatly help to
overcome this noise issue.
The trade-off between gain and steering range depends on several factors, including
the number of elements and the directivity of those elements. Designs using more di-
rectional elements tend to have a higher boresight gain, but a reduced steering range,
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for example [64] and [79]. As explained in Section 4.4.1, the number of array elements
must be doubled, compared to the original 8-element design, to meet the target bore-
sight gain value. The finite size of the lens focal region limits the number of elements
and thus the maximum achievable gain, however it is sufficiently large to accommodate
these additional elements. The results in Section 4.8.2 showed that the lenses increase
the gain at all steering angles. At the maximum steering angle (defined by gain), the
lenses give an 8-element probe-fed array the same gain as a conventional probe-fed 24-
element array. This can be verified using formulae from Section 4.4.1. A similar gain
increase occurs when the feed networks are included in the comparison.
It is worth comparing the performance with the planar array from [71]. In conventional
planar antennas, the achievable gain is limited by the finite projected area at the
maximum steering angle. By maintaining an equal projected area in the direction of
each steered beam, the proposed antenna can support wider steering angles, nearly
covering a base station sector from -60° to +60°. In [71], parasitic elements were
used to increase the gain in the boresight direction, whilst also reducing the mutual
coupling between adjacent elements, enabling wider steering with reduced scan loss.
These parasitics were deliberately the same size as the radiating elements. However, as
the elements are fed from alternating directions, it is more challenging to produce the
2D steerable spot beam, whilst maintaining a wide bandwidth. This is because series
feeding would be needed for each column of elements. The design proposed in this
chapter only feeds the elements from a single direction, so it can more easily produce
a spot beam, as required by the 5G specification in Table 4.1.
An additional 1.8 dB of gain is required to achieve the 17 dBi target gain value. In
order to achieve this, the lenses could be reshaped to better approximate an ideal
phase distribution [160] [205]. Prior to the simulations and measurements, it was
initially hypothesised that these diffractive zone plate lenses would behave in a manner
equivalent to refractive plano-convex lenses. Each zone plate individually focused on
the center of the array, but when combined as a lens triplet, their performance was not
optimal, in terms of focusing gain. As shown in Section 4.4.2, repositioning the lenses
provided sufficient distance for the rays to cross to form a magnified image. If curved
lenses were used instead, as in [130] [131], the focusing performance could be greatly
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improved, to meet the required specification. This would require more sophisticated
simulations and costly precision machining. The presented concept has potential as
it does not require a gradient refractive index, so can be manufactured using simple
techniques.
The estimated mass-manufacturing cost of the antenna, including amplitude and phase
control ICs, is almost 50% lower than for a spherical lens antenna [123], but around 26%
and 22% higher than for an equivalent isolated phased array [207] or a metamaterial
based antenna [64], respectively. This additional cost is justified, given the advantages
discussed above.
The main disadvantage of the proposed antenna design is its high SLL. The high SLL
at boresight is primarily caused by lobes in the array factor of the feed PCBs, which
are increased by amplitude and phase errors. At the maximum steering angle, θ0max,
radiation from the feed increases the SLL. To reduce the amplitude and phase errors
in the feed PCBs, the power dividers and meanders within the feed networks could be
iteratively optimised across a wide bandwidth. In a real implementation, amplifiers
and phase shifters would be employed at each element with a high resolution, to re-
duce quantisation errors. In order to reduce the feed radiation, a non-radiative feed
technology, such as substrate integrated waveguide (SIW) or stripline could be used.
However, this would increase the manufacturing cost and complexity.
In summary, the focusing directivity of a conformal arrangement of dielectric lenses can
be used to increase the gain at all angles within the steering range. The proposed design
magnifies the effective size of the feed array at wide angles. Compared to alternative
methods, the use of phased arrays enables the total feed network losses to be reduced.
Low-loss materials (tan δ < 0.005) must be used in the final design in order to maximise
the total efficiency, and overcome scan loss.
4.10 Chapter Summary
In this chapter, a beam steerable antenna operating at 28 GHz has been presented.
The antenna incorporates a cascaded system of 7 Fresnel zone plate lenses fed by a
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1×8 element phased array, which is designed to provide increased gain at wide steering
angles. The focusing directivity of the lenses concentrates the available signal power
into a narrower beamwidth, reducing the scan loss. When steering to angles between
the central and side lenses, asymmetric amplitude distributions were applied via the
phased array feed networks, to prevent the main lobe from splitting. These help to
maintain an acceptably high SINR (> -5.7 dB) across the steering range.
A hardware prototype of the antenna was fabricated and measured. The antenna
prototype achieved a 3 dB gain bandwidth of 1.75 GHz. It was found that the inner
lenses produced the majority of the focusing gain, and that the middle and outer lenses
had less effect. The inner lenses increase the gain of the antenna by 2.45 dB at boresight,
and by 3.19 dB at the maximum steering angle of ±52°. A peak gain from 12.96 dBi
to 15.35 dBi was maintained for all angles within the steering range. By increasing the
average gain across the steering range, users will benefit from an increase in received
signal power, removing blind spots between sectors.
The scan loss was reduced to 2.39 dB, and could be reduced further to 0.69 dB through
the use of low-loss materials. Alternatively, repositioning the lenses achieved a scan
loss of 0.89 dB. The directions of the wavefronts from the feed PCBs, illuminating
the lenses, were verified using an electro-optic probe. A design procedure along with
a theoretical analysis of diffraction through the lenses has been presented, enabling
the focused element factors to be calculated prior to running full-wave simulations.
In Chapter 5, the cascaded lens antenna concept will be extended to a LOS MIMO
scenario involving multiple data streams.
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Chapter 5
Scan Loss Mitigation in a LOS
MIMO Scenario
This chapter investigates whether lenses can overcome scan loss for multiple antennas
simultaneously. 2-stream and 6-stream MIMO antenna designs are presented, oper-
ating at 28 GHz. Several copies of the array designed in Chapter 3 are combined to
support independent data streams. These are placed beneath the lenses from Chapter
4. By maintaining high gain at all angles within the steering range for several streams,
a significant capacity increase could be achieved, provided that the interference is min-
imised. The novelty in this chapter is the use of multiple lenses to support LOS MIMO.
Previous works have investigated lens MIMO in the boresight direction [219], but not
towards wider steering angles.
Each row of elements is used as a phased array in the azimuth direction, and switched
selection of antenna rows and RF chains is used in the elevation direction. Applying the
path division multiplexing concept [220] to a LOS MIMO scenario, rows corresponding
to the strongest paths could be selected to maximise the received signal power. Use
of a digital switch would reduce the total insertion loss. Users sufficiently separated
in elevation can be distinguished based on the path difference from the transmitting
to receiving antennas [221]. This corresponds to the angular resolution of the antenna
system. Through the use of lenses, orthogonal beams can be produced without requiring
143
144 5. Scan Loss Mitigation in a LOS MIMO Scenario
a large spacing between the rows of elements.
For existing 3-sector base stations, the received signal power falls between sectors, due
to scan loss [222]. For a SISO demonstration in [61] using 16-QAM, a gain reduction
due to scan loss caused the measured data rate to reduce from 1.6 Gbps at boresight
to 1.0 Gbps when steering to 50°. Similarly, in [223], the received power of a 2 × 2
LOS MIMO system reduced by 6 dB at 50°. This motivates an investigation into a
solution to the scan loss problem, for multiple antennas which support multiple data
streams. As described in Chapter 2 Section 2.1, a 2.5 dB increase in gain at wide angles
brings many possible benefits, including: a data rate increase of up to 40% times for
users with low SNR due to spatial multiplexing; or a reduction in BER by a factor
of up to 103 from the diversity gain, improving the reliability of communications in
a low-interference scenario. In this chapter, the capacity will be analysed in terms of
antenna impairments, and the effect of interference will be evaluated.
5.1 Overview of MIMO State-of-the-Art and Standards
In conventional MIMO systems, spatially uncorrelated antennas can be used to increase
the achieved data rate, by making use of degrees of freedom from multipath channel
components [39, pp. 294-295]. Spatial multiplexing is achieved within the modem via
singular value decomposition (SVD) of the channel matrix H [224]. Fig. 5.1 shows
the system block diagram. Based on the channel estimation, a precoder W selects the
optimal beamforming excitation weights. For each antenna, the transmitted signal x
is amplified or attenuated and phase shifted by the channel, with additive noise n, to
become the received signal y = WHx + n.
Hybrid beamforming, involving phased arrays, is a well-known method to simplify
mmwave MIMO hardware, while also achieving close to optimal data rates. In a fully
connected beamforming architecture, each RF chain is connected to all of the antenna
elements [225]. In 2 × 2 MIMO, this architecture can be exploited to double the an-
tenna gain compared to a conventional beamformer, by assigning all of the array area
to each RF chain, at the expense of double the number of phase shifters. Neglect-
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Figure 5.1: MIMO hybrid beamforming system block diagram. Fully connected beam-
former (above), partially connected beamformer (below) [227] ©2017 IET.
ing interference, and the effect of the precoder, the received symbols are a weighted
combination of the transmitted symbols from both data streams1:
y1
y2
 =
h11 h12
h21 h22
x1∠φ1 + x2∠φ2
x1∠φ3 + x2∠φ4
+
n1
n2
 (5.1)
where φ1 to φ4 are the phase shifts of the four phase shifters.
The capacity of a MIMO system depends on the SINR, which is determined by the
antenna performance [226, pp. 302-303]. To maximise the capacity, each antenna must
form a radiation pattern with main lobes which are aligned with the channel eigendirec-
tions. This means that each beam is steered independently, and the capacity depends
on the achieved steering directions. The correlation between signals on adjacent streams
(rows of elements) must be minimised [39, pp. 192-198].
Within the phased array architecture, split main lobes can be deliberately formed to
point along NLOS paths by setting the amplitude and phase weights of the array
factor according to the channel matrix. Note that SISO beamforming gain (for several
elements within a phased array connected to a single RF chain) is not the same as
1A data stream refers to a sequence of symbols corresponding to a user link, which is mapped to
one or more antenna ports. The designs in this chapter are partially connected beamformers.
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spatial multiplexing gain (several arrays, each connected to their own RF chain).
At millimetre wave frequencies, the channel is sparse, with far fewer strong multipath
components than at sub-6 GHz frequencies [224]. Realistic mm-wave indoor channels
have up to 6 strong multipaths [224], so a 6-stream architecture is adopted in this
chapter1. In this propagation environment, the surface of the Earth produces a strong
multipath reflection in the elevation direction, motivating the use of MIMO in the
elevation direction (vertical spacing between rows) [228] [229]. In an indoor channel, a
fan beam (1D) is preferred, because there are many scatterers, so the angle of arrival
or departure (AoA/AoD) spread is wider. In an outdoor environment, a spot beam
(2D) gives best performance, as there are fewer scatterers and a strong line-of-sight
path towards the user [230]. The path loss exponent (PLE) of an outdoor environment
(3.86) is much larger than for indoors (1.96) [26, p.503]. For base stations of low height
(for example mounted on a street lamppost), the azimuth AoA spread is as wide as
120° [231], so beam steering over a wide range of azimuth directions is required.
The angular spatial resolution ∆φ measures how easily the radiation patterns from
different transmit antennas can be distinguished at the receiver [39, pp. 313-314]. It
depends on the y-direction spacing dyRx between rows of elements.
∆φ < cos−1
(
1
dyRxnyRx
)
(5.2)
According to [39, p.328], “critical spacing of antenna elements at half the carrier
wavelength captures the full angular resolution of 1/L. Sparser spacing reduces the
angular resolution due to aliasing. Denser spacing does not increase the resolution
beyond 1/L.” So if the antennas are too far apart, there is an ambiguity in the direction
of the signal source (i.e. the user), but if they are too close, adjacent sources cannot be
distinguished (as the channel matrix is ill-conditioned [39, pp. 301-305]). For critical
spacing, dy =
λ0
2 . An evaluation of 3D beamforming uplink and downlink performance
using this spacing is available in [228]. The concept of resolution is discussed in detail
in [232].
However, for LOS MIMO antennas, the Rayleigh range criterion is used instead. The
minimum spacing for independent data streams is given by d =
√
λR
N [221] [101, pp. 460-
1The number of eigenbeams is not necessarily the same as the number of NLOS paths [37].
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462] [26, pp. 467-469], where R is the link range (cell size), and N is the number of
antennas at the receiver. As discussed by [221], a spacing less than the Rayleigh
range can be used, provided that interference cancellation is applied at the receiver.
According to [223], the angular spatial resolution for LOS MIMO with a lens is defined
by ∆φ = λ0Dlens . Note that unlike LOS MIMO without a lens, this is independent of the
number of elements, and the link range, and depends solely on the lens properties. As
discussed later in Section 5.6.2, this invariance to distance could enable a lens to extend
the range of a MIMO link, for a given number of parallel streams (degrees-of-freedom).
5.1.1 Standards for MIMO Array Antennas
Several 3GPP standards for MIMO antennas have recently been published. TR 37.840
describes the recommended array spacing and beamforming weights for 2D steering
[48]. The correlation matrix R between the signals on each column of elements is
formulated in terms of the antenna properties, and the channel, whose clusters have
various AoAs/AoDs and multipath gains [233, pp. 23-28] [234]. Detailed channel models
are provided in [235]. Applying an amplitude taper to each array (column of elements)
changes the correlation between rows of elements. Correlation between data streams is
also related to the spatial error vector magnitude (EVM) problem caused by non-linear
power amplifiers within the RF chains. These impairments will have an impact on
MIMO systems, so must be minimised.
5G system performance has been analysed for different constellation sizes and RF chain
and antenna impairments. Using 256-QAM, a sum-rate above 10 Gbps was simulated
for 12 users with just two paths in the channel. An EVM of less than 2.4% was estimated
directly from SNR1 [37]. In [236], channel estimation for a MIMO environment was
investigated. It was found that the uncertainty in the EVM estimate is reduced when
a large number of samples are used, and when the total bandwidth of the subcarriers
is within the coherence bandwidth of the SINR.
1If the power amplifier (PA) is non-linear, its transfer function may cause a saturation in the
measured EVM values, requiring the formula which relates it to SNR to be modified. At high power
levels, the EVM due to the PA determines the overall EVM of the transmitter [37].
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Base station antennas will be required to support a new feature, known as cell split/merge
[229] [42]. It assigns the antenna elements to RF chains in real-time, to adapt to the
locations of the users and their required data rates. For example, in [228], the dual-
polarised array elements were split into 4 columns, with 8 elements per column. The
choice between one high gain beam (longer range, higher SNR) or several lower gain
beams depends on whether each user is operating in the low SNR (SNR-limited) or high
SNR (bandwidth-limited) regime [32]. In [237], optimal array and lens configurations
were determined based on the angular position of the users relative to the base station.
Discrete Fourier Transform (DFT) precoding is commonly used to calculate fine and
coarse beam patterns, which are stored in a codebook [26, pp.543-548]. Within the
3GPP standards, the Kronecker product1 is used to implement the cell split/merge
feature via DFT precoding in the azimuth and elevation [229]. However, when this
method is applied to conventional antennas, beamwidth broadening occurs at wide
angles.
5.1.2 State-of-the-Art in Lens MIMO
Lenses have recently enabled two new types of MIMO, known as path division mul-
tiplexing (PDM), and beamspace MIMO (also known as CAP-MIMO). It has been
shown that when radiating elements are placed beneath a lens, parallel data streams
can be produced, due to the Fourier transform property of the lens [220] [101, pp. 515,
602-604]. PDM reduces the required number of RF chains, compared to a conventional
beamforming architecture, by switched selection of a small number of antenna elements
corresponding to the strongest channel paths (Fig. 5.2(c)). Beamspace MIMO is able
to achieve a similar effect using a lens, but can operate in LOS conditions (does not
require any reflections from the channel) [223]. For this reason, it is referred to as LOS
MIMO.
The 2D array response beneath the lens is given by (5.3) [220]. This alters the channel
impulse response as viewed through the lens, so could also be used to reduce channel
1Matrix operation producing a block matrix, used in 2D precoder design.
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(a) (b)
(c)
Figure 5.2: Lens MIMO. (a) 2D array of elements beneath a planar lens [238], (b) Lens
focal surface [238], (c) Block diagram showing switched antenna selection [239] ©2017
IEEE.
estimation time [240].
am(θ, φ) =
√
D˜yD˜zsinc(me − D˜z sin(θ))sinc(ma − D˜y cos(θ) sin(φ)) (5.3)
where D˜y and D˜z are the diameters of the lens in wavelengths in the y- and z-directions
respectively, and ma and me are the azimuth and elevation indexes of the feeding
antennas, respectively, and sinc(x) = sin(pix)(pix) .
Note that in (5.3), beamwidth broadening occurs due to the projected area through the
lens. This corresponds to the sinφ term. Ideally, the beams would be orthogonal, but
in practice, near-orthogonal patterns are sufficient for reliable communications (with a
BER < 10−3) [226, p. 273].
Surprisingly, lens MIMO enables communication via a single carrier, rather than multi-
carrier waveforms (such as OFDM) [238]. Intersymbol interference (ISI) is suppressed,
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provided that AoAs/AoDs for adjacent streams are sufficiently separated, helped by
jointly processing signals corresponding to interfering paths1. A thin metasurface lens
was implemented by Jiang et al. [208] to support MIMO applications, as demonstrated
in [238]. Jerusalem cross unit cells were employed to enable a wide angle of incidence.
For an x-direction displacement, dx, of a feed element beneath the lens, the beam was
scanned to an angle θb =
dx
F . This formula is only valid when θb is small.
Several other authors have also proposed the use of lenses within MIMO to focus energy
from channel paths, allowing the capacity to be increased [223] [241]. Beamspace MIMO
was evaluated in [223] to produce a theoretical capacity of 10 – 20 bit/s/Hz. In [241],
an antenna selection scheme was proposed, to sort the focused element factors into
interfering and non-interfering groups. This reduced the hardware and computational
complexity, and improved the energy efficiency compared with antenna switching based
on maximum magnitude.
Several MIMO antennas designs have been developed [208] [242]. Briqech et al. [242]
used an antipodal Fermi tapered slot antenna to increase the bandwidth (57 – 64
GHz), with EBG metamaterial structures to reduce mutual coupling. Similarly, several
elements were placed beneath a lens in [243], and subarrays were switched to achieve
different beam patterns. However, the performance of this design in a real MIMO
system has not been evaluated.
To date, very few authors have bridged the gap between phased arrays and lens MIMO.
The motivation for this is to support multiple moving users within a 5G/6G system.
Furthermore, MIMO baseband designs often assume an isotropic antenna, so do not
account for scan loss and other impairments [244] [6]. An existing analysis of the
interference modelled the main lobes, rather than the sidelobes [245]. The system-level
effects of a single planar lens have been assessed [219], but multiple lenses have not yet
been investigated.
1However, when there are a large number of reflectors in the channel, multicarrier transmission is
recommended [226, pp. 61, 145-152]. Unlike in [224], lens MIMO does not require SVD to separate the
data streams, as they are already orthogonal due to the lens.
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5.2 Performance Metrics
Before addressing these questions, performance metrics are defined which will be used
in Sections 5.3.2 and 5.4.2 to evaluate the antenna designs.
1. Envelope correlation coefficient (ECC).
2. Multiplexing efficiency.
3. Diversity gain.
ECC, denoted by ρ, measures the orthogonality between data streams. Its formula in
terms of S parameters is [246]:
ρ =
|S∗11S12 + S∗21S22|2
(1− |S11|2 − |S21|2)(1− |S22|2 − |S12|2) (5.4)
ECC is closely related to mutual coupling, |S21|. In [247], it was found that the loss re-
sistance of an array antenna increases in the presence of mutual coupling. Furthermore,
coupling increases the correlation between MIMO data streams, increasing the BER
and reducing the achievable data rate [48]. Coupling tends to reduce as the row spacing
increases [4, pp. 201-202]. ECC can be more accurately calculated from the radiation
patterns, as this takes into account alignment between lobes in adjacent patterns. Note
that it uses far-field phase information.
ρ =
∣∣∣∣2pi∫
0
pi∫
0
G1(θ, φ)G
∗
2(θ, φ) sin(θ) dθ dφ
∣∣∣∣2
2pi∫
0
pi∫
0
|G1(θ, φ)|2 sin(θ) dθ dφ
2pi∫
0
pi∫
0
|G2(θ, φ)|2 sin(θ) dθ dφ
(5.5)
The worst-case (maximum) correlation occurs when the beams are all steered towards
the same direction. The minimum coupling occurs when two patterns are orthogonal:
if the peaks of one pattern correspond to the nulls of the other, and vice versa, for
example in 1D, if
∫ 2pi
0 G1(φ)G2(φ)dφ = 0 [35, pp. 372-377]. Integrating the product of
152 5. Scan Loss Mitigation in a LOS MIMO Scenario
the patterns over an angular direction gives the correlation between them1.
Near-field effects due to surface waves and radiated waves contribute to mutual coupling
[5, p. 491]. These effects are included in the S-parameters when simulating the antenna
using a full-wave solver. They were not included in the ECC calculation using the
far-field radiation patterns, as their effect is small.
Multiplexing efficiency (ME, denoted by η˜mux) incorporates the ECC and the total
efficiencies η1 and η2 of each antenna. It measures the performance relative to an ideal
multiplexer with no interference [4, p.322], and for two antennas, is given by [249]:
η˜mux =
√
η1η2(1− ρ2) (5.6)
It is commonly calculated for mobile terminal antennas. For more than two antennas,
ME is calculated using the geometric mean of the individual antenna efficiencies, and
the correlation matrix R [249]. In the ideal case of zero correlation, the multiplexing
efficiency would be 100% and the capacity would be maximised.
Diversity gain measures the increase in received signal power when signals are coher-
ently combined (in-phase) using the antenna under test. It applies only to Rayleigh
channels and indicates the potential SNR increase (reduction in BER) when the same
symbol is sent using all the antennas simultaneously [4, pp.318-321]. For two paths,
assuming a NLOS channel of full rank, with selection combining at the Rx, the diversity
gain is given by [250]:
Gdiv(dB) ≈ 10
√
1− ρ (5.7)
1Eq. (5.5) assumes a uniform distribution of channel AoAs and a cross-polar ratio of 0 dB [4, p.
319]. This cross-polar value is acceptable if the scatterers have an equal effect on both polarisations.
In practice, the AoAs are viewed through the base station radiation pattern, which is directional and
bandwidth-limited. The shape of the main lobe, and the SLL, will also determine the ECC value. A
Gaussian AoA distribution can be calculated as Pv(θ, φ) = Ph(θ, φ) = e
− 1
2
θ2
202 for boresight, (i.e. β =
0°), and Pv(θ, φ) = Ph(θ, φ) = e
− 1
2
(θ−90°)2
202 e
− 1
2
(φ−180°)2
302 for the maximum steering angle (i.e. β = 144°).
Equation (5.5) also assumes that Clarke’s approximation ρe = |ρ12|2 is valid, which occurs when the
number of spatial samples of the AoA power density is at least 100 times the sample factor [248].
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Figure 5.3: 2-stream antenna block diagram, for phased arrays placed beneath a single
lens.
5.3 2-Stream Antennas
This section presents two designs, pointing towards the boresight direction (βx = 0°):
 2-stream (back-to-back-fed and probe-fed) without the lens.
 2-stream (back-to-back-fed and probe-fed) with a single lens.
5.3.1 Antenna Design
Improving upon the design from Chapter 3, each radiating element is probe-fed from
below the ground plane to reduce the effect of the feed on the radiation pattern. The
ground planes also have a shielding effect which reduces the mutual coupling between
adjacent rows of elements, compared with back-to-back feeding. This reduces the cor-
relation between data streams, so has the potential to increase the data rate. The
spacing between rows is optimised to accommodate the feed PCBs and connectors,
and to maximise the MIMO spatial degrees-of-freedom whilst keeping as many rows
of elements as possible within the focal region of the lenses. This leads to a trade-off
between physical size and performance.
As shown in Fig. 5.3, a reconfigurable version of this antenna would have integrated
154 5. Scan Loss Mitigation in a LOS MIMO Scenario
(a) (b)
Figure 5.4: 2-stream antenna, fed back-to-back, radiating from Port 1 (on the left). (a)
without the lens, (b) with a single lens placed 20 mm above the array.
(a) (b)
Figure 5.5: 2-stream antenna, with probe-fed elements. (a) without the lens, (b) with
a single lens.
circuits (ICs) enabling electronic amplitude and phase control. When steering between
the lenses, amplitude control at each element would still be needed to implement the
method described in Chapter 4. When the lenses are absent, 2D analogue beam steer-
ing could be achieved by connecting each RF chain to a 2D array containing two or
more rows of elements. However, in this chapter, single rows capable of 1D analogue
beam steering are used to simplify the design. When the lenses are absent, a progres-
sive phase shift can be applied digitally between the rows to steer the beam in the
elevation direction. In this case, the same information (symbols) would be transmitted
simultaneously on each of the antenna rows (as in MISO systems). When the lenses
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Figure 5.6: Detail of the tapered transition used for probe feeding in Fig. 5.5. Phys-
ical dimensions in mm: (a) Rear view, (b) Side view, (c) |S11| when connected to a
microstrip patch, (d) Equivalent circuit (values quoted for 28 GHz).
are present, the radiation pattern from each row of elements points towards a different
elevation direction. Elevation steering can be achieved by switching digitally between
the ports (exciting one port at a time).
Fig. 5.7 illustrates the effect of the row spacing dy and the lens F/D. There is a
trade-off between mutual coupling and angular resolution, as the row spacing is var-
ied. As dy is increased, up to around 1.68λ0, the gain increases, then any further
increase in dy reduces the gain. dy also determines the received interference power
in (5.13) via the mutual coupling and the spatial ambiguity. The mutual coupling
impedance is proportional to sin2
(
kdy
2
)
[5, p. 472], and the periodic ambiguity func-
tion is |ejpiL cosφsinc (L cosφ) | where array length L = (N −1)dy [39, p. 303]. As shown
in Fig. 5.7(a), the interference is minimised for row spacings of 5, 11, or 16 mm. For
a given number of rows (in this case six), a small F/D (0 < F/D < 0.3) will produce
a large elevation steering range but a lower average gain per beam, whereas a large
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Figure 5.7: Simulated effect of the antenna parameters. (a) Variation in interference
due to the choice of spacing dy between rows, (b) Variation in gain due to the choice
of lens F/D ratio.
F/D (0.6 < F/D < 1) will create high-gain beams over a narrower angular range1.
Hence, the gain is optimised when the F/D = 0.4. These findings are consistent with
the results presented in [252].
Solving sin2
(
kdy
2
)
= 0 for dy, the mutual coupling impedance is minimised when
the spacing between rows of elements is a whole wavelength (λ0). This differs from the
critical spacing of λ0/2 in [39], which does not account for mutual coupling. The chosen
value of 9.73 mm is slightly less than the value of λ0 (10.7071 mm), to account for the
spatial ambiguity described in Section 5.1. The spacing between rows is also limited by
the connector size, although this problem can be solved by using sub-miniature (SMP)
connectors, or by displacing each connector by a different amount in the x-direction.
It should be clarified that the x-direction spacing between elements does not need to
change from λ0/2, as each row is still acting as a conventional phased array.
1The reason for low gain when F/D = 1 in Fig. 5.7(b) is that the curve corresponds to a feed with
radiation pattern exponent n = 30. As shown by [251] and discussed further in Chapter 6, the F/D
can be set to maximise the aperture efficiency for any given feeding antenna.
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Two rows of elements can be fed back-to-back, as shown in Fig. 5.41. However, for
more than two rows, a different approach is needed. Fig. 5.5 shows an improved design
which uses a stack of printed circuit boards (PCBs) inspired by [253]. Each element is
probe-fed through the substrate, and each row of elements has an RF connector, which
can be used as an input in transmit mode (downlink), or an output in receive mode
(uplink). Each feed PCB is rotated by 90° relative to the patch PCB, and has its own
ground plane. Compared to the feed network design presented in Chapter 3, placing
the feeds behind the ground plane of the patch PCB helps to reduce the SLL, as the
ground plane shields the elements from feed radiation.
To implement the probe feeding, a wideband microstrip-to-coaxial transition was de-
signed. The transition and its S parameters are shown in Fig. 5.6. The ratio of the
outer diameter b to inner diameter a of the coaxial probe determines its characteristic
impedance [4, p. 59]:
Z0 =
60√
r
ln
(
b
a
)
(5.8)
The conductor outer radius b/2 is 0.5096 mm, and its inner radius a/2 is 0.1905 mm, and
r = 2.2 for the RT5880 substrate material. Note that for these values, the impedance
would be 39.8 Ω, however fringing of the fields into the air reduces the effective permit-
tivity, increasing Z0 to 50 Ω. Fig. 5.6(d) shows the equivalent circuit of the transition,
which was obtained according to [203, pp. 167-168].
5.3.2 Simulation Results
Fig. 5.8(a) shows the S parameters of the back-to-back-fed 2-stream antenna. |S12| =
|S21|, so it is a reciprocal network. The mutual coupling |S21| is very low (< -40 dB at
the centre frequency of 28 GHz), which is useful for MIMO. The network is symmetrical,
i.e. |S11| = |S22|. A wide |S11| < -10 dB bandwidth of 1.05 GHz with an excellent return
loss (|S11| = -22 dB at 29.15 GHz) is observed for both ports. Fig. 5.8(b) shows that
1As described in [71], when feeding in the back-to-back configuration without a lens, a 180° phase
shift needs to be applied between ports 1 and 2, for constructive interference of the surface currents and
radiations patterns. This phase shift can be either be applied as an RF delay line like the meanders in
Chapter 3, or digitally to the symbols in the baseband. When a lens is present, this is not necessary,
as the focused radiation patterns are orthogonal, due to the diffraction properties of the lens.
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Figure 5.8: Simulated S parameters of the 2-stream Taylor β = 0° antenna, fed back-
to-back. (a) without the lens, (b) with a single lens.
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Figure 5.9: Simulated S parameters of the 2-stream probe-fed Taylor β = 0° antenna.
(a) without the lens, (b) with a single lens.
the lens had an acceptably small effect on the S parameters (a reflection coefficient
magnitude of 0.228 i.e. -12.84 dB, which is below -10 dB), and actually improved
the return loss. This could be because its high impedance is in parallel with the load
impedance created by feed 2, retuning the input impedance at Port 1 back to 50 Ω.
Fig. 5.9 shows the S parameters for the probe-fed design. Comparing Figs. 5.8(a) and
5.9(a), it can be seen that probe feeding shifts the resonant frequency downwards, but
the minimum |S11| and maximum |S21| (coupling) performance are very similar to those
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Figure 5.10: Simulated radiation patterns for the 2-stream antenna, for probe-fed ele-
ments with the lens. (a) Co-polar azimuth, (b) Co-polar elevation.
(a) (b)
Figure 5.11: Simulated structure of the 2-stream back-to-back-fed design beneath 7
lenses. (a) β = 0°, (b) β = 144°.
of the line-fed (back-to-back) design. This makes the probe feed a viable alternative to
the line feed. Note that the bandwidth is continuous for the back-to-back-fed design,
whereas the probe-fed design exhibits a dual-band response. Consider Figs. 5.8(b) and
5.9(b), which correspond to the the single lens. Although the maximum |S21| is higher
for the probe-fed design, the maximum ECC value (occurring at 26 GHz) is much lower
for the probe-fed design (ρ = 0.00054), compared to the back-to-back-fed design (ρ =
0.01), due to an improved worst-case impedance matching (|S11| and |S22|). Compared
to alternative methods such as SIW, SICL, and stripline, the proposed feeding method
has the advantage of reduced manufacturing complexity.
As seen in Fig. 5.10(b), the patterns are orthogonal in the elevation direction, but
almost identical in the azimuth direction.
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Figure 5.12: Simulated S parameters for the 2-stream back-to-back-fed β = 0° design
beneath 7 lenses.
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Figure 5.13: Simulated 3D radiation patterns for the 2-stream back-to-back-fed β =
144° design beneath 7 lenses. (a) Port 1 excited, (b) Port 2 excited.
Figs. 5.11(a) and 5.11(b) show the structure of the 2-stream 7-lens antenna at boresight
and the maximum steering angle, respectively. The radiation patterns are presented
in Fig. 5.13. As illustrated in Fig. 5.12, an operating bandwidth of -10 dB was
obtained for both ports, from 27.32 GHz to 28.43 GHz. This simulated bandwidth of
1.11 GHz is comparable with 1.05 GHz in Fig. 5.8(a) for the single lens case. The
frequency response for multiple lenses is single-band, rather than dual-band, possibly
due to reflections from the supporting structure. For low-loss matching layers (tan δ =
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Figure 5.14: Simulated azimuth radiation patterns (co-polar and cross-polar) for the
2-stream antenna, with probe-fed elements. (a) βx = 0°, (b) βx = 144°.
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Figure 5.15: Simulated elevation radiation patterns (co-polar and cross-polar) for the
2-stream antenna, with probe-fed elements. (a) βx = 0°, (b) βx = 144°.
0.0004), the gain at the maximum steering angle increased by at least 5.1 dB for each
port compared to the arrays without lenses.
The elevation patterns of the arrays (ports 1 and 2) are shown in Fig. 5.15. Orthog-
onality between the patterns can be observed when the lens is present. This effect
is analogous to the focused element factors presented in Chapter 4, except that here
it is in the y-direction. In particular, the radiation patterns in Fig. 5.15(a) resem-
ble those of the single lens in Fig. 4.31. Note that for the βx = 144° results in Fig.
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Figure 5.16: Variation in envelope correlation coefficient. (a) ECC vs. frequency for
the 2-stream MIMO back-to-back-fed antenna, with 7 lenses, for β = 0°. The ECC was
calculated using the S parameter method. (b) ECC vs. azimuth steering angle for port
2, with port 1 fixed towards boresight. The ECC was calculated using the radiation
pattern method, using a Gaussian AoA distribution pointing towards boresight, as
described in Section 5.1.
5.15(b), the elevation cut is through the beam, using a coordinate system rotated by
56.6°: x′ = 0.55x+ 0.835z, z′ = −0.835x+ 0.55z. It can be seen that the antenna has
the potential to support users located at slightly different elevation angles, whilst still
steering in azimuth to track the users. The focused elevation beams in Fig. 5.15(b)
resemble the results presented in [208].
The azimuth co-polar radiation patterns are displayed in Fig. 5.14. As expected, they
are similar for both ports. Note that the pattern cuts are not exactly aligned with
x-axis, as the main lobes are tilted in the elevation direction. This is due to the feed
networks, and the y-direction offset of the rows of elements relative to the lens centre.
A cross-polar ratio (XPR) of -32.44 dB was achieved for an azimuth angle of 0°. To
produce a dual-polarised MIMO system, each patch would need to be fed from two
sides as in [97], with two feed networks and two connectors per row of elements.
Fig. 5.16(a) presents the frequency variation of the ECC for the back-to-back-fed
design. An ECC value below 0.001 is maintained over a bandwidth of 2.05 GHz, from
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26.66 GHz to 28.71 GHz. However, it is also important to consider the alignment of
the radiation patterns with the AoA distribution. Fig. 5.16(b) presents the variation
in ECC as port 2 is steered from 0° to 48°. Without the lenses, a maximum ECC value
of 0.0720 is observed at boresight, when the beam directions of port 1 and 2 align.
With the lenses, the maximum ECC is 0.0356, which is considerably lower. Note that
probe-fed patches were used, rather than the feed networks, to reduce the simulation
time. This reduces the SLL, but is still valid because most of the correlation is caused
by the direction of the main lobes.
Table 5.1: Simulated performance of the 2-stream MIMO back-to-back-fed antenna
without lenses
Realised
Gain
(dBi)
Efficiency
(dB)
Sidelobe
Level (dB)
Cross-Polar
Ratio (dB)
ECC ME (%) Diversity
Gain (dB)
βx = 0° Port 1 14.30 -0.6574 -14.9 -43.08 0.155 84.8 9.19
βx = 0° Port 2 14.22 -0.6650 -15.1 -43.05 - - -
βx = 144° Port 1 10.51 -0.9601 -3.6 -12.07 0.0054 80.0 9.973
βx = 144° Port 2 10.46 -0.9730 -3.5 -12.01 - - -
Table 5.2: Simulated performance of the 2-stream MIMO antenna back-to-back-fed
with lenses
Realised
Gain
(dBi)
Efficiency
(dB)
Sidelobe
Level (dB)
Cross-Polar
Ratio (dB)
ECC ME (%) Diversity
Gain (dB)
βx = 0° Port 1 15.48 -0.73 -11.0 -33.46 0.0432 84.24 9.78
βx = 0° Port 2 14.76 -0.7512 -12.1 -32.22 - - -
βx = 144° Port 1 14.85 -1.347 -11.6 -8.84 0.0196 70.53 9.90
βx = 144° Port 2 14.91 -1.684 -11.3 -5.62 - - -
Tables 5.1 and 5.2 summarise the back-to-back-fed antenna performance, without and
with the lenses. In the ECC, ME, and diversity gain calculations, a Gaussian AoA
distribution was assumed to model the mean effective gain, as discussed in Section
5.2 [4, pp. 315 - 317]. The corresponding simulations included the effect of the feed
networks. With the lenses, a maximum ECC below 0.0432 was maintained, and the
minimum realised gain for both ports increased to 14.85 dBi. With the lenses, the
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multiplexing efficiency reduced at the maximum steering angle, possibly due to an
increase in the correlation between the radiation patterns. However, the ECC value is
still within acceptable limits (less than 0.05).
Scan loss has been mitigated for these two MIMO streams. For Port 1, the scan loss
is 15.48 – 14.85 = 0.63 dB. For Port 2, the scan loss is 14.76 – 14.91 = -0.15 dB.
This negative value means that gain with lenses at maximum steering angle is higher
than at boresight, which is beneficial. Both of these values assume low-loss matching
layers. The difference between the results for Ports 1 and 2 can be explained by the
reflections from the base. From Tables 5.1 and 5.2, it can be noticed that the cross-polar
performance varies with scan angle. The lenses only mitigate scan loss for one of the
polarisation components (Ey), so dual-polarised communications may not be feasible
at wide angles using this design. This is partly due to the Brewster angle described in
Appendix A.4 [205], but is mainly caused by the feed network, which could be optimised
in future work to support dual-polarised radiation at wide angles.
5.4 6-Stream Antennas
This section presents two designs, investigated for both βx = 0° and βx = 144°:
 6-stream probe-fed without lenses - MIMO mode and SISO 2D mode.
 6-stream probe-fed beneath 7 lenses.
5.4.1 Antenna Design
The 6-stream antenna without lenses has two modes of operation, depending on how
the antenna rows are digitally configured in the baseband. Figs. 5.17, 5.18, and 5.19
show the physical architecture of the antenna. The block diagram in Fig. 5.20 shows
the grouping of antenna rows by adjusting the baseband weights. For example, in
order to achieve elevation steering, a progressive phase βy could be applied. The ar-
ray antenna without lenses also supports 2D Single-Input Single-Output (SISO) beam
steering mode, in which phase shifts are applied between the rows to steer a pencil
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Figure 5.17: 6-stream MIMO antenna without lenses: structure using βx = 144°.
Figure 5.18: 6-stream MIMO antenna with lenses, for βx = 0°.
beam supporting a single data stream, in accordance with recent 3GPP standards.
Six independently fed rows of elements were stacked beneath the lenses. By adjusting
the meander lengths (i.e. phase shifters), each row is able to steer to independent beam
directions. It is assumed that the worst-case coupling will occur when the steering
direction is the same for all rows (streams). In order to accommodate the feed PCBs,
the central portion of the metal plate reflector was removed.
5.4.2 Simulation Results
MIMO Mode
Figs. 5.22 and 5.23 present the simulated S parameters for the 6-stream design, without
lenses. A low mutual coupling is observed between Port 1 and the other ports. In Fig.
5.21(a), a bandwidth from 27.47 GHz to 28.13 GHz is achieved. When the lenses are
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Figure 5.19: 6-stream MIMO antenna with lenses: rear view showing the 6 ports, with
βx = 0° feed PCBs stacked in the y-direction.
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Figure 5.20: Proposed baseband switched selection of antenna rows, with analogue
azimuth steering, beneath a system of lenses.
present, the reflection coefficient increased, as observed in Fig. 5.21(b). This occurs
because the fields radiated by the stubs in the feed networks are reflecting off the edges
of the nearby metal plate. In future designs, this effect could be reduced by removing
the plate, or setting a minimum clearance distance of at least 10 mm from the edge of
the PCBs.
Fig. 5.25 shows the surface current density when Port 6 is excited. The current
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Figure 5.21: S parameters for the 6-stream antenna, for βx = 0°, showing the reflection
coefficient at each port. (a) without lenses, (b) with lenses.
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Figure 5.22: S parameters at the input to each port, showing low mutual coupling.
βx = 0°. (a) without lenses, (b) with lenses.
density on the feed networks for adjacent ports is below 10 A/m, which indicates that
the mutual coupling is acceptably low (below -25 dB). This was confirmed by the S
parameters in Figs. 5.22(b) and 5.23(b), for which the |S1i| was below -27 dB for all
ports across a 2 GHz frequency range. The downward shift in resonant frequency for
Port 1, which also occurs without the lenses, could be because it is at the edge of the
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Figure 5.23: S parameters at the input to each port, showing low mutual coupling.
βx = 144°. (a) without lenses, (b) with lenses.
Figure 5.24: Simulated radiation pattern for the 6-stream MIMO antenna without
lenses. Port 3, βx = 0°.
2D array.
As shown in Fig. 5.26, the design was able to mitigate scan loss for the central rows of
elements. However, as seen in Fig. 5.27, the simulated radiation patterns degraded for
ports 1 and 6, due to their large displacement away from the focal region. Fig. 5.26
shows that with the lenses, the main lobe for each row points towards a different eleva-
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Figure 5.25: Surface current density when Port 6 is excited, limited to a maximum of
100 A/m. βx = 144°.
(a) (b)
(c) (d)
Figure 5.26: Simulated radiation patterns for the 6-stream MIMO antenna with lenses.
(a) Port 3, βx = 0°, (b) Port 4, βx = 0°, (c) Port 3, βx = 144°, (d) Port 4, βx = 144°.
tion direction. As the nulls align with the main lobes of other rows, this indicates that
the simulated radiation patterns are orthogonal, so could be suitable for transmitting
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Figure 5.27: Elevation radiation pattern comparison for the 6-stream MIMO antenna.
βx = 0°. (a) without lenses, (b) with lenses.
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Figure 5.28: SISO mode: 2D steering with uniform amplitudes and βx = 144°. (a) βy
= 0°, (b) βy = 144°.
parallel data streams.
2D Steering SISO Mode
Next, the 6 rows of elements are combined to produce a 2D array capable of steering a
single beam, without the lenses, as shown in Fig. 5.28.
Extending (2.2) and (2.3) from Chapter 2, the 2D array factor is calculated as [5, p.309-
310]:
AF (θ, φ) =
N∑
n=1
M∑
m=1
anme
j(n−1)(kdx sin(θ) cos(φ)+βx)ej(m−1)(kdy sin(θ) sin(φ)+βy) (5.9)
where θ is in the elevation direction and φ is the azimuth direction. To steer to a beam
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Figure 5.29: Photograph of the 2-stream back-to-back S parameter measurement, for
βx = 0°.
direction (θ0, φ0), the required progressive phase shifts are given by [5, p.311]:
βx = −kdx sin(θ0) cos(φ0) (5.10)
βy = −kdy sin(θ0) sin(φ0) (5.11)
where βx is the progressive phase in the x-direction, i.e. applied as analogue steering
within each row, and βy is the progressive phase in the y-direction, i.e. applied digitally.
At the maximum steering angle in both planes (βx = 144°, βy = 144°), the gain was 16.1
dB with a total efficiency of 79.8% and the scan loss was 4.7 dB. Although the design
suffers from scan loss, it is able to steer a beam in 2D (both azimuth and elevation) by
applying digital beamforming, whilst also offering cell split/merge functionality, thus
it complies with 3GPP TR 37.842 standards [229] [42].
5.5 Measurement Results: 2-Stream Design
Fig. 5.30 presents the measured S parameters for the back-to-back-fed 2-stream an-
tenna, without the lenses. Two different steering angles were considered: boresight (β
= 0°) and the maximum steering angle (β = 144°). The maximum in-band mutual
couping was -31 dB and -36 dB for steering angles 0° and 48° respectively, which are
lower than the simulated values of -26.8 dB and -27.9 dB. Due to errors in the fabrica-
tion, the PCBs were not identical, however the measurement results were comparable
with the simulations presented in Fig. 5.8(a).
The feed PCB was displaced in the y-direction, in steps of 8.5 mm. The orthogonal
beams shown in Fig. 5.32 correspond to a row spacing of 17 mm. This agrees with
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Figure 5.30: Measured S parameters of the 2-stream antenna, fed back-to-back, without
the lens. (a) Taylor β = 0°, (b) Taylor β = 144°.
Figure 5.31: Photograph of the setup for measuring orthogonal beams at the maximum
steering angle. The antenna is tilted by an angle of 38°, which is calculated from 90° -
θ0 max = 90° - 52°.
the theory in (5.2), presented in Section 5.1, and occurs when the gain is maximised
in Fig. 5.7(a), which will be presented in Section 5.6. The orthogonality between
beams was evaluated using the magnitude and phase information from the measured
radiation patterns (i.e. |Gθ| and ∠Gθ). The patterns were converted to a linear scale,
and the real part of each pattern was calculated, having both positive- and negative-
going regions. The inner product (cross-correlation between the beams) was calculated
5.6. Capacity Analysis 173
-45 -30 -15 0 15 30 45 60
θ (°)
0
5
10
15
G
ai
n
(d
B
i)
Displaced -8.5 mm in y
Displaced 0 mm in y
Displaced +8.5 mm in y
Displaced +17 mm in y
(a)
-180 -90 0 90 180
θ (°)
-40
-20
0
20
40
60
80
M
a
g
n
it
u
d
e
o
f
in
n
er
p
ro
d
u
ct
(b)
Figure 5.32: Measured radiation pattern cuts through the steered beams, for different y-
direction displacements of the Taylor β = 144° PCB beneath the lenses. (a) Orthogonal
beams shown in bold, (b) Cross-correlation between the beams is almost zero (on the
right-hand side of the graph), which demonstrates their orthogonality.
using the following formula:
ρ =
Nsample∑
i=1
10
G1(dB)
10 cosφ1 × 10
G2(dB)
10 cosφ2 (5.12)
The formula is different to (5.5) because here one-dimensional cuts through 3D radiation
patterns are considered. Given that the (unnormalised) inner product was -0.2935 for
Nsample = 361 data points (representing a very low correlation of 0.08%), the beams are
orthogonal, and hence are suitable for supporting parallel data streams at wide angles.
This low correlation value occurs for a row spacing of 17 mm, rather than the simulated
spacing of 9.73 mm in Section 5.3, because the 8.5 mm steps in measurement were too
small to produce orthogonal beams. The peak gain values for these orthogonal beams
were 12.356 dBi for an offset of +8.5 mm, and 12.042 dBi for -8.5 mm, which are higher
than for the phased array feed PCB on its own (9.77 dBi). This demonstrates that scan
loss has been mitigated.
5.6 Capacity Analysis
This section studies the effects of antenna impairments and lens focusing on the system
performance. First, the SISO capacity is analysed, then this is extended to MIMO. By
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reducing the mutual coupling, minimising the SLL, and minimising the scan loss and
other impairments, the capacity can be maximised.
It is important to distinguish between outage capacity and ergodic capacity. This work
considers the ergodic capacity because the channel is assumed to be fast-fading1, with
a coherence time much shorter than the symbol period2. In this case, the capacity
represents an average over many channel realisations [39, pp. 535-537] [249]. Blockage
at millimetre wave frequencies, leading to outage, is an important topic covered in [254]
and [255], but is beyond the scope of this work. It is also necessary to distinguish
between sum-spectral efficiency and capacity. Given that capacity is the maximum
achievable value in ideal conditions, the sum-spectral efficiency will be less than the
capacity, as it includes overheads.
5.6.1 SISO: Effect of Beam Steering Impairments and Lens Focusing
Gain on Capacity
This section investigates the effect of varying the antenna parameters on the SISO
capacity. The system-level effect of interference is also evaluated for the proposed
design.
Fig. 5.33 represents the variation in capacity with distance and azimuth angle, from
a bird’s eye view of a base station. Path loss and other propagation losses cause
the capacity of a link to reduce with distance (separation dUE between the user and
the base station). The reduction in power depends on the path loss exponent γ, as
discussed in Appendix A.1. Due to scan loss, which was modelled by (4.7) in Chapter
4, the capacity also reduces as a function of angle (shown in Fig. 5.33(a) as blind
spots between sectors). At θ0 = 60°, the gain of the conventional phased array drops
significantly and the capacity reduces to just 0.32 bit/s/Hz per sector at the cell edge
(dUE = 200 m). This can be seen in Fig. 5.34(a).
1Due to the use of multicarrier waveforms such as OFDM.
2In a frequency-selective channel [226, pp.60-61], the phases may not be coherent, so different beam
directions would be required at different frequencies, which is challenging to achieve. Instead, flat fading
is assumed to simplify this problem.
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Fig. 5.33(b) presents the measured azimuth radiation patterns from Chapter 4, shown
for 3 sectors. As observed in Figs. 5.33(b) and 5.34(b) the lenses restore the gain
between sectors, providing more consistent coverage for the users.
Capacity formulae can be derived to incorporate several antenna impairments. In previ-
ous works, such as [223], the lens insertion loss was modelled, but system-level overheads
were neglected. Table 5.3 summarises the parameters of a realistic scenario, including
link-level overheads, lens, and phased array parameters, obtained from Chapters 3 and
4. A main lobe beamwidth of 22° was obtained from the measured radiation patterns
for the realistic estimates in Fig. 5.35. As the base station antenna is reciprocal, these
parameters are the independent of uplink or downlink, or indoor and outdoor scenarios.
It is assumed that a greater lens focusing gain is present at the maximum steering angle
than at boresight.
The estimated capacity values, presented later in Fig. 5.38, are calculated based on
the link budget in Appendix A.1. Physical layer overheads, from error-control coding,
symbol cyclic prefix and guard bands, are likely to reduce the achieved sum-spectral
efficiency to 25%1 of the capacity value without overheads. The capacity formula also
assumes negligible pointing loss (perfect beam alignment), which is unlikely in practice.
Using a parabolic pattern of beamwidth 20° to model the main lobe, a beam alignment
(pointing) error of ±5° will result in a 0.74 dB reduction in SNR, and hence a 15.7%
reduction in the capacity (at low SNR). This would reduce further if the pointing error
increased.
As described by [33] and [16], the feed network insertion loss and noise figure limit
the achievable data rate, along with practical issues such as alignment. For the design
proposed in Chapter 4, the use of a small number of elements limited the boresight
feed network loss to 0.86 dB (excluding phase shifter losses). Similarly, for the designs
in Chapter 5, each row of elements will experience a low loss value.
In order to maximise capacity, the lens focal length to diameter ratio (F/D), scale
factors of the side lenses and the cascading depth need to be optimised. The amplitude
10.25 = code rate of 0.33 × protocol efficiency of 0.9 × bandwidth efficiency of 0.9 × modem
implementation efficiency of 0.9, based on typical values [26, pp. 572-579].
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Figure 5.33: Coverage of a 3-sector base station. (a) Contour plot of capacity without
the lenses, showing blind spots due to scan loss. (b) Beam rosette for the SISO an-
tenna with lenses, illustrating full 360° azimuth coverage using the measured radiation
patterns from Chapter 4.
taper at the elements also determines the directivity, and the sidelobe level will influence
the interference level in both transmit and receive modes. The array geometry (spacing
and number of rows) determines the trade-off between gain and steering range. As the
area of the focal plane is limited, the beams degrade at the edge of the focal plane [208],
modelled by cos1.5(φ0) in (5.13).
For the first time, the realistic SISO capacity formula, for uplink, at the maximum
steering angle is given by:
C = log2
(
1 +
PT |h|2
(PN + SLL GTIPTI)
a cos1.5(θ0max) cos
1.5(φ0max)G1
F3
F2
)
(5.13)
where the channel gain |h| includes the path loss 1
dγTx Rx
. The received signal power is
proportional to PTGTGR|h|2, where the transmit antenna gain GT is proportional to
a cos1.5(θ0max) cos
1.5(φ0max)G1
F3
F2
. These terms represent the scan loss and lens focusing
gain. Recall that F2 and F3 are the focal lengths of the middle and outer lenses
respectively, andG1 is the focusing gain of the inner lens. The focusing gain corresponds
to the repositioned lenses from Chapter 4 Fig. 4.14(a). a also includes the SNR gap Γ.
GTI and PTI are the gain and transmit power of the interferer, respectively. PN is the
noise power (calculated from its variance), and a is proportional to the multiplexing
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Figure 5.34: Capacity around a 3-sector base station, assuming an interference power
10 times less than the signal power, and equal noise and interference (i.e. SINR = 7
dB), for a variation in user distance from the base station. The measured peak gain
values were interpolated. (a) Conventional phased array from Chapter 3, (b) Cascaded
lens antenna from Chapter 4.
efficiency η˜mux, and the spillover and taper efficiencies ηs and ηt. These depend on
F/D, and are defined in (6.11) and (6.12) in Chapter 6. The effect of varying the F/D
and the row spacing was shown in Fig. 5.7 in Section 5.3. By comparing the surface
plots in Fig. 5.34, the potential capacity increase, due to an increase in SINR from the
use of cascaded lenses, can be evaluated.
Equations (5.13) (5.14) and (5.15) correspond to the curves in Fig. 5.35, which were
calculated in MATLAB®. For each antenna design, the effect of scan loss was inves-
tigated by comparing the capacity at boresight and the maximum steering angle. The
ideal scenario, without impairments, is included for comparison. A well-conditioned
channel matrix is assumed. The lenses increased the capacity in all cases, except when
the matching layer insertion loss is high, which would reduce the received signal power.
At low SNR (< -7 dB), an increase of 1.71 dB in matching layer losses causes the
capacity to decrease by 32.5%, compared to the case with lossless matching layers. If
the users are distributed over a wider angular region, a single LOS beam would not be
able to cover them. In this case, an antenna with lower directivity (to cover NLOS)
could outperform a lens pointed towards LOS, as in Fig. 5.35.
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Equations (5.14) and (5.15), which are based on the Shannon capacity, depend on the
probability that a symbol will be correctly received over a noisy channel [256, pp. 245-
246, 399]. The SNR gap Γ represents the reduction in bit error rate performance for a
real modem, compared to an ideal modem, in the asymptotic region [217] [256, pp. 477-
478]. The system performance, based on the choice of antenna, is presented for both
LOS Additive White Gaussian Noise (AWGN) and NLOS Rayleigh channels1. In Fig.
5.35, it can be observed that the capacity increases for the LOS case, when the lenses
are present, but decreases for the NLOS case, due to the directivity of the lenses. Thus
it is recommended to use lenses for sparse channels with few multipaths, but not in a
richly scattering environment. Using [226, pp. 82-85]:
CLOS = log2
(
1 +
SINR
Γ
)
(5.14)
CNLOS = log2
1 + 1
Γ
(
1
1+ 1
L
S0
)L
ρ(θ0)I +N
 (5.15)
where I, and N = N0B are the received interference, and noise powers, respectively,
in linear units. ρ(θ0) represents the ECC as a function of the steering angle, and S0 is
the received signal power corresponding to a single path. It includes the channel gain
|h|. L → ∞ for an omnidirectional (ideal Rayleigh) channel, whereas L ≤ 6 is a more
realistic estimate for mmWave frequencies.
As observed in Fig. 5.27 in Section 5.4.2 and Fig. 5.16(b) in Section 5.3.2, the lenses
increase the peak gain and reduce the peak correlation between the radiation patterns
corresponding to the two ports closest to the centre of the array. For a signal-to-
interference ratio of 20 dB, this increases the estimated capacity in the boresight di-
1These two cases represent extremes of environment: AoAs/AoDs concentrated in one direction,
versus AoAs/AoDs spread uniformly over all directions (isotropic). A more realistic model is the Rician
distribution [39, pp. 36-37]. Even if the AoA distribution was isotropic (which is unlikely to occur at
millimetre wave frequencies), in this design the array views the channel through one or more lenses.
This focuses the AoAs towards a certain direction, increasing the Rice factor when calculating the
probability density of the channel gain values (provided that the lens focusing direction aligns with the
LOS path). The combined effect of the antenna and the channel can be evaluated [4, pp. 315-317] to
obtain mean effective gain values of 5.90 dBi for boresight and 5.67 dBi for θ0 = 52°.
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Figure 5.35: Estimated SISO capacity for ideal and realistic scenarios, using ECC
values from Fig. 5.16(b) in Section 5.3.2 to model the effect of interference. The lens
focusing gain and reduced peak correlation could increase the capacity. (a) Ideal θ0 =
0°, (b) Ideal θ0 = θ0max, (c) Realistic θ0 = 0°, (d) Realistic θ0 = θ0max = 52°.
rection by a factor of at least 1.41, as shown in Fig. 5.35. Hence the focusing gain and
orthogonality produced by the lenses enables MIMO to be supported.
First, the effect of antenna row spacing dy on the correlation coefficient is analysed.
For a circular aperture (flat lens with a single zone), the patterns will be orthogonal
when: ∫ +∞
−∞
J1(y)
y
J1(y −∆y)
(y −∆y) dy = 0 (5.16)
This occurs for ∆y = 4.9, and is plotted in Fig. 5.36. This figure is very similar to the
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Table 5.3: Parameters used for the capacity estimates: LOS or NLOS scenario with
lenses. Value on left corresponds to βx = 0°; value on right corresponds to βx = 144°.
Parameter Symbol Value
Noise power PN -10 dBm
Feed network insertion loss Lfeed 0.86 dB, 0.90 dB
Lens insertion loss Llens 0.52 dB, 1.71 dB
Phase shifter insertion loss Lphase 6 dB [188]
Lens focusing directivity Dlens 3.07 dB, 6.33 dB
SNR gap Γ 2.0 [256, pp. 477-478]
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Figure 5.36: Theoretical radiation patterns, based on Bessel functions. Radiation from
feeding antennas, displaced in the y-direction, is focused by a single circular aperture.
Orthogonality of the radiation patterns can be observed.
findings of [257]. Due to symmetry, the patterns are also orthogonal for ∆y = -4.9. As
mentioned in Chapter 4, y = r sin θ1.22λ0 . Please note that for this design, dy is proportional
to ∆y, and depends on the beamwidth of the focused Bessel pattern. Equation (5.16)
is related to the formula for an ideal lens given by (5.3) from [220], except that in this
case the lens is a zone plate, i.e. circularly symmetric, so the sinc function is replaced
by a Bessel function. Additionally, by tilting the side lenses to align with the maximum
steering angle, the effective projected area of the array is now independent of azimuth
angle. Hence, the proposed lens configuration removes the sinφ term from (5.3).
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Figure 5.37: Effect of user and interferer angle on the SINR, for a single lens LOS SISO
scenario.
Next, the effect on the SINR, of interference arriving from different angles, is estimated.
For the single lens, modelled by a circular aperture:
SINR ≈
∫ θML max
θML min
J1(12 sin (θ−θuser))
12 sin (θ−θuser) dθ(∫ θSL max
θSL min
J1(12 sin (θ−θuser))
12 sin (θ−θuser) dθ
)
+ σ2n
(5.17)
where ML stands for main lobe, SL stands for sidelobe. The interferer angle is denoted
by θint, where θSL min = θint − 10° and θSL max = θint + 10°. It is assumed that each
radiation pattern contains sectoral beams with uniform gain within each lobe, and
negligible gain in regions outside of the main lobe and sidelobes. The capacity can
then be estimated by substituting (5.17) into (5.14). Here, LOS is defined as the
angular region within ±10° of the main lobe steering angle θ0, in both planes.
Equation (5.17) corresponds to the surface plot in Fig. 5.37, which is calculated for a
radiation pattern steered to boresight. Equation (5.18) extends (5.17) to the case of
multiple lenses, and for each lens it includes several zones, rather than a single circular
aperture. It can be seen that the SINR reduces when the user moves towards 90° (away
from the main lobe, i.e. misaligned), because the received power is lower due to a
pattern null at that angle. Similarly, the SINR increases when the interferer is at 20°,
because the radiation pattern null suppresses interference from that direction. Hence
the capacity will increase if the antenna points towards the user or its main scatterer.
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For multiple lenses, the SINR formula contains several terms. Recall the radiation
pattern of the cascaded lens antenna, described by (4.29) and (4.33) in Chapter 4:
P (θ, θ0) =
N∑
i=1
a
′
i cos
1.5 (θ)e(i−1)jkd(cos θ−sin θ0)
(
1
3
(
J1(l1)
l1
− J1(l2)
l2
+
J1(l3)
l3
)
....
)
(5.18)
where li =
ri1 sin(θ)
1.22λ0
. Substituting (5.18) into PT in (5.20), in the next section, gives the
full expression for the MIMO capacity at θ0max with cascaded lenses.
5.6.2 LOS MIMO Capacity: Design Trade-Offs and Interference
Analysis
MIMO capacity can be estimated from the multiplexing efficiency of the antenna, and
the gain of the channel paths. In conventional MIMO, provided that the channel is of
full rank, the capacity is proportional to min(N,M), where the user has M RF chains,
and base station has N RF chains. If the channel has a small number of reflectors
(singular values λ2i of large magnitude), a small number of RF chains can be used,
reducing the cost and complexity [39, pp. 291-293]. Assuming coherent combining of
signals from multiple paths, and assuming that there are no blockages, the received
SNR is proportional to
∑N
i=1
λ2iPi
σ2n
, where Pi is power transmitted over channel path
i [39, p. 346]. A beamforming gain of Nant can also be included in the gain of the base
station antenna. It is proportional to the number of array elements for each RF chain
at the base station. For conventional MIMO, assuming an ideal modem [39, p. 373]:
C = min(M,N) log2(1 + SINR) (5.19)
where SINR includes the scan loss and other beam steering impairments.
It is well-known that when the user is far from the base station, the SNR is low, and
so the capacity is proportional to N . When the user is close to the base station, the
SNR is high, so the capacity increases logarithmically according to log2(N) [217]. For
the first time, the MIMO capacity formula for uplink at the maximum steering angle
is given by:
C = log2 det
(
I +
PT
(PN + SLL PTIGTI)
a cos1.5(θ0max) cos
1.5(φ0max)G1
F3
F2
HKxH
H
)
(5.20)
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where identity matrix I is of size M × N , ()H is the Hermitian operator, and Kx is
the signal covariance matrix1. By precoding, the signal shape is chosen to undo the
effect of the channel. The sum of the diagonals tr(Kx) = σ
2
11 + σ
2
22 is assumed to be
normalised to a total transmit power of 1 Watt. For two streams, Kx =
σ211 σ212
σ221 σ
2
22
.
As for the SISO formula in (5.13), the scan loss and lens focusing gain are modelled by
the term a cos1.5(θ0max) cos
1.5(φ0max)G1
F3
F2
, and the transmit antenna gain GT includes
these terms. The focusing gain corresponds to the repositioned lenses from Chapter 4
Fig. 4.14(a). The channel matrix H is assumed to model the path loss term 1
dγTx Rx
.
GTI and PTI are the gain and transmit power of the interferer, respectively. Note that
cases for which i = j represent desired paths, of total power
∑
i=j
|sij |2|hij |2 whilst i 6= j
represents interfering paths, of power
∑
i 6=j
|sij |2|hij |2. sij is the transmitted symbol from
the ith RF chain at the Tx to the jth RF chain at the Rx, and hij is an element of
channel matrix H. The channel correlation matrix can be calculated as R = HHH.
The spatial multiplexing gain2 of LOS MIMO depends on the antenna parameters, such
as spacing dy, and lens parameter F/D [223]. In LOS MIMO, the capacity formula
is unchanged but the SINR is defined differently compared to conventional MIMO, in
that the channel matrix elements are [221]:
hm,n = e
−j 2pi
λ0
(d(m,n)−R)
(5.21)
where R is the link range, equal to dTx Rx, and m and n are the antenna indexes at the
receiver and transmitter respectively. When a single lens is present, this becomes:
hm,n = e
−j
(
2pi
λ0
(d(m,n)−R)+∆ψ(m,n)
)
(5.22)
which corresponds to the design in Section 5.3, and uses phase difference ∆ψ from (4.3)
in Chapter 4.
1For simplicity, the beamformers have been included in the effective chan-
nel matrix H. For more details, see [244], in which HHH is replaced by
Rn
−1WBB∗WRF ∗HFRFFBBFBB∗FRF ∗H∗WRFWBB, where correlated noise Rn =
σ2nWBB
∗WRF ∗WRFWBB . In (5.20), equal transmitted power is assumed for all data streams. This
is not realistic as 5G/6G systems use power allocation, but it simplifies the analysis.
2defined as the ratio of the capacity of the MIMO system to the capacity of the SISO system.
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Figure 5.38: Simulated gain at θ0max for each row of elements in the 6-stream design,
with and without the lenses.
Fig. 5.38 summarises the theoretical capacity with and without the lenses. In a con-
ventional MIMO phased array, multiplexing efficiency falls with azimuth angle due to
scan loss (according to cos1.5(θ0)). However, an average capacity increase by a factor
of 1.22 and 1.59 times due to the lenses can be observed when steering to 0° and 52°
respectively. This assumes that the effect of overheads and nonlinearities is similar for
the case with and without the lenses. It is assumed that the users are operating in
the low SNR regime (for example PT = -10 dBm, SINR = -3 dB). This value of SINR
includes 10 dB of additional losses compared with the value in Table A.1 in Appendix
A. For this case, the MIMO capacity is increased for the users served by the rows of
elements 3, 5, and 6, which also have a good impedance matching (|S11 < 10 dB) at 28
GHz. However, for the edge rows (such as stream 1), there is no capacity increase.
Now the effect of interference on the SINR is analysed, for different choices of base
station antenna. Fig. 5.39 shows the positions of the users and interferers for a typical
outdoor scenario.
The 3D element factor is modelled by EF = cos1.5 θ cos1.5 φ (in linear units). An
element directivity of 8.314 dBi must also be added to this (when it is converted into
dBi). Continuing the analysis from Chapter 4 and using (5.17), the focused 3D radiation
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Figure 5.39: 2-stream LOS MIMO interference scenario, showing the positions of the
users and interferers.
patterns for each stream for a single lens can be modelled as:
P1(θ, φ) = EF AF1
J1(50 sin(θ−θuser 1))
(50 sin(θ−θuser 1))
J1(50 sin(φ−φ1))
(50 sin(φ−φ1))
P2(θ, φ) = EF AF2
J1(50 sin(θ−θuser 2))
(50 sin(θ−θuser 2))
J1(50 sin(φ−φ2))
(50 sin(φ−φ2))
where P1 and P2 are radiation patterns in terms of voltages, and φ1 and φ2 are the
elevation steering angles of streams 1 and 2 respectively. For a 1D cut through the
elevation, the correlation between patterns for a single lens is given by:
ρ =
+180°∑
φi=−180°
J1(50 sin(φi − φ1))
(50 sin(φi − φ1))
J1(50 sin(φi − φ2))
(50 sin(φi − φ2)) (5.24)
Note that the beamwidth is narrower than in (5.17), as the lenses are illuminated by
an array, rather than by a single element. For multiple lenses, the radiation patterns
can be calculated based on (5.18).
Signal powers S1 and S2, and interference powers I1 and I2, are given by:
S1 =
φmax 1∑
φmin 1
θML max 1∑
θML min 1
P1 (5.25a)
S2 =
φmax 2∑
φmin 2
θML max 2∑
θML min 2
P2 (5.25b)
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(a)
(b)
Figure 5.40: 3D radiation patterns, calculated for different 2-stream LOS MIMO an-
tennas. (a) Stream 1 multiple lenses (β = 0°), (d) Stream 2 multiple lenses (β = 144°).
I1 =
φmax 1∑
φmin 1
θSL max 1∑
θSL min 1
P1 + ρ
φmax 2∑
φmin 2
θML max 2∑
θML min 2
P1 +
φmax 2∑
φmin 2
θSL max 2∑
θSL min 2
P1
 25(5.26a)
I2 =
φmax 2∑
φmin 2
θSL max 2∑
θSL min 2
P2 + ρ
φmax 1∑
φmin 1
θSL max 1∑
θSL min 1
P2 +
φmax 1∑
φmin 1
θSL max 1∑
θSL min 1
P2
 25(5.26b)
where: θML min 1 = θuser1 − 10°, θML max 1 = θuser1 + 10°, θML min 2 = θuser2 − 10°,
θML max 2 = θuser2 + 10°, θSL min 1 = θint1 − 10°, θSL max 1 = θint1 + 10°, θSL min 2 =
θint2 − 10°, θSL max 2 = θint2 + 10°.
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Figure 5.41: Effect of user 1 and interferer 1 angle on the SINR for Stream 1, in a
2-stream LOS MIMO scenario. θuser1 = 0°, θuser2 = -50°, θint1 = -30°, θint2 = 20°. φ1
= 5°, φ2 = -5°. An SNR of 20 dB and a user and interferer antenna with an AoA
beamwidth of 20° at the base station were assumed for both streams. (a) Stream 1
phased array β = 0°, (b) Stream 1 with lenses β = 0°, (c) Stream 1 phased array
β = 144°, (d) Stream 1 with lenses β = 144°.
An AoA beamwidth of ±10° is assumed for both users and interferers. The SINR for
each data stream is given by:
SINR1 =
S1
I1 + n
(5.27a)
SINR2 =
S2
I2 + n
(5.27b)
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Table 5.4: Simulated SINR values for stream 1 for the scenario shown in Fig. 5.39 with
2 users and 2 interferers.
Phased Array Multiple Lenses
β = 0° 16.38 dB 19.50 dB
β = 144° 12.78 dB 15.18 dB
5.7 Discussion
As described in [221], the key difference compared to conventional MIMO is that the
channel matrix H is defined according to the LOS path differences, rather than the
path difference due to multipath scatterers. In LOS MIMO, the orthogonal beams
point towards similar directions, which differs from the eigenbeams in conventional
MIMO [37]. Recall the channel gain (5.21) without the lens and (5.22) with the lens.
The angular resolution of the central lens is calculated to be 12.3°. If the users are closer
together than this, they cannot be distinguished by beamforming (without increased
inter-user interference) so must be separated by time- or frequency-division multiple
access (TDMA or FDMA), as described in Chapter 2 Section 2.1.
The Rayleigh range, and the corresponding spacing criterion were described in Section
5.1. For a given link distance, the minimum spacing between antennas must be suffi-
ciently large to ensure sufficiently large path difference for the signals to be distinuished
at the receiver. For this design, the use of a lens has enabled the spacing between rows
to be reduced to 9.73 mm, which is much less than the 0.63 m spacing required for
conventional LOS MIMO without a lens (assuming 8 antennas at the receiver).
The path division multiplexing of a lens, reported by Zeng et al. [220], can be explained
in terms of the phase delay. Previous LOS MIMO links were demonstrated over a short
range of up to 41 m [258] [221]. As explained in Chapter 4 Section 4.1, a lens produces
an additional phase shift ∆ψ, which is different for a feed point offset by dy, compared
to the phase at the origin (y = 0). This means that substantially different phases can
be produced, even if the LOS path lengths are similar. To illustrate this, consider
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Figure 5.42: Geometry of a LOS MIMO link, showing the link range, angular resolution,
and phase delay created by the lens.
Fig. 5.42. The phase difference due to an offset of dy = 9.73 mm is k
√
d2y + F
2 =
360°
10.7071
√
9.732 + 202 = 27.8°. This value is much larger than the value of 0.14° without
the lens. This phase difference may enable signals from different users to be more easily
distinguished, with reduced correlation. The angular resolution of single and multiple
lenses could be investigated in future work [255] [26, pp. 243-251].
There is a trade-off between link range and angular resolution, described by R∆φ =
ND. The range-resolution product can only be increased by increasing the number
of elements or the lens diameter. For a given link range, if a lens of large diameter
is used, each user could have more MIMO degrees-of-freedom, but the interference
between users would increase. Alternatively, when users are more densely spaced, a
finer angular resolution is preferred to reduce interference, so a lens with a smaller
diameter can be used. It is possible that the number of elements N could be varied
instead, without requiring a change in lens diameter.
In Figs. 5.32 and 5.38, the gain reduces for large values of feed PCB displacement
outside of the focal region. This is defined by the area ∆x∆y in which the gain is at
least 11.7 dBi. This problem could be solved by using different F/D values in the x-
and y-directions (i.e. an elliptical lens cross-section), but this may reduce the elevation
steering range.
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Fig. 5.41 presents the SINR as a result of varying angular positions of user 1 and
interferer 1, in a 2-stream LOS MIMO scenario with 2 users and 2 interferers. It is
assumed that the positions of user 2 and interferer 2 are fixed, and that the same
transmit power level, path loss, and interference powers occur for both data streams,
i.e. a constant distance of dTx Rx = 200 m from the base station to user 1 and interferer
1, resulting in a constant noise power which produces an SNR of 20 dB. A high SNR
is chosen to see the effect of the interference more clearly. The radiation patterns are
illustrated in Fig. 5.40.
The conventional phased array and multiple lens designs are compared. A single lens
was not considered because it would need switched beams in order to steer to the same
angles as the multiple lens design fed by a phased array. For the conventional phased
array in Figs. 5.41(a) and 5.41(c), the SINR for stream 1 is maximised when the user
aligns with the beam direction (θuser1 = 0° and -48° respectively), and is minimised
when the interferer aligns with the beam direction (θint1 = 0° and -48° respectively).
The SINR for stream 2 was almost constant around -15.8 dB for both steering angles.
Consider Figs. 5.41(b) and 5.41(d) which correspond to multiple lenses. Due to their
focusing gain, the lenses increase the SINR for stream 1 for both steering angles. The
peak SINR is increased by 3.12 dB for β = 0°, and by 2.40 dB for β = 144°. The
minimum SINR is increased by 3.66 dB for β = 0°, and by 2.73 dB for β = 144°. For
stream 2, the SINR was minimised if either user 1 or interferer 1 aligned with the beam
direction, because both of these are interferers to the signal at stream 2. It was found
that the SINR varied most for the case without the lenses, and had an almost constant
value of 9 dB when the lenses were present. However, for β = 144°, the peak SINR
value for stream 2 decreased by 8.79 dB with the lenses, from 17.86 dB to 9.07 dB. This
could be due to alignment of the interferer with a sidelobe of the radiation pattern,
in the angular region θint1 = -20° to +80°. As discussed in [259], per-beam exclusion
zones could be used to mitigate interference for directions close to the beam steering
direction.
Table 5.4 presents the peak SINR values for Stream 1. At the maximum steering angle,
the calculated capacity increase is log2(1+32.96)log2(1+18.96)
= 1.178. This is lower than the value
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of 59% obtained from the gain values on their own, as it also includes the interference
and the noise, and corresponds to the high SNR region. Similarly, for an SNR of -10
dB, the calculated capacity would increase by a factor of log2(1+0.1995)log2(1+0.168)
= 1.173, which
is comparable with the previous estimate.
The 6-stream MIMO antenna, presented in Section 5.4, has various limitations. These
include a relatively high SLL and large physical size, and the additional cost due to
the requirement for amplitude control at each array. Compared with state-of-the-art
works such as [208], which can only steer to ±27° with a scan loss of 3.7 dB, the
proposed configuration offers a wider steering range in terms of gain, and a reduced
scan loss. Compared with [242], the proposed design is able to support a twice as many
simultaneous data streams, so could double the capacity, at the expense of a reduced
fractional bandwidth (from 19.7% to 2.3%). This is because in the proposed design,
the radiating elements are more closely spaced but are narrowband.
The proposed design has several advantages. By steering to angles up to ±52° in az-
imuth, the antenna is able to capture a wide range of AoAs from the channel, including
NLOS paths which may be stronger than the LOS. Compared with the 200 m link
demonstrated in [260], which achieved a peak throughput of 34.3 Gbps, through the
use of phased arrays, this design is able to remove the switch insertion loss of 10 - 20
dB which was reported. By counteracting beamwidth broadening, the design may be
able to more easily distinguish between user positions at wide azimuth steering angles.
Finally, by increasing the SNR at wide angles, the use of multiple lenses may reduce
the channel estimation time [240], and the uncertainty in the EVM estimate [236].
Hence, the proposed LOS MIMO designs are promising for microcell base stations and
point-to-point applications requiring beam reconfiguration.
5.8 Chapter Summary
This chapter investigated the use of lenses to mitigate scan loss for 2-stream and 6-
stream LOS MIMO scenarios. Without the lenses, in SISO mode, elevation steering
to ±48° in both planes was achieved (corresponding to βy = -144° to +144°), albeit
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with a total scan loss of 4.7 dB. With the lenses, in MIMO mode, a simulated azimuth
scan loss below 1.2 dB was achieved for 4 out of 6 streams. A probe-fed transition
was designed to feed the radiating elements. By using phased arrays to feed the lenses,
and using a digital switch rather than using an analogue switch matrix as in [220], the
design could reduce the total insertion loss.
The simulation results show that with lenses, each row of elements is able to indepen-
dently steer to ±52° in azimuth, while maintaining an envelope correlation coefficient
between rows of elements below 0.0356, over a bandwidth of 2.0 GHz. Total efficiencies
above 66% are maintained for all antenna rows, enabling a simulated multiplexing effi-
ciency of 70.47% and 69.9% to be maintained for the 2-stream and 6-stream antennas
respectively. For the back-to-back configuration, a mutual coupling below -30 dB was
verified by S parameter measurements.
In this chapter, it was shown that for users at the cell edge (200 m from the base station),
in between sectors (i.e. at azimuth angles of ±60°), the capacity can be increased by
a factor of 3, to 0.6 bit/s/Hz for SISO (restoring the link to a basic quality), and to
3.6 bit/s/Hz using 6-stream MIMO (providing a significant improvement in downlink
speeds). Given that each stream has a bandwidth of 0.642 GHz, a total data rate of
up to 2.31 Gbps per sector can be achieved, assuming conventional modulation and
coding. Although this chapter only investigated a single user scenario (SU-MIMO), it
could be extended to multiuser scenarios by optimally allocating the resource blocks,
based on the positions of the users relative to the base station. Supporting several 5G
links, the 6-stream antenna could enable data rates of 2.31 Gbps for 1 user, or 385
Mbps for 6 different users.
Closed-form expressions for the estimated capacity have been derived. In the low
SNR region, the capacity scales linearly with the focusing gain. The lenses have the
potential to increase the average capacity across the steering range. The gain was
maximised by appropriately selecting the row spacing and lens F/D. It was confirmed
in measurement that orthogonal beams can be produced at the maximum steering
angle, with higher gain than for a conventional phased array. For each beam steering
direction, a correlation coefficient below 0.0356 was maintained over a bandwidth of 2.0
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GHz. Hence, the design from Chapter 4 can be scaled to support several data streams.
Interference was mitigated in the region close to radiation pattern nulls, but not when
the interferers were close to the main lobe, due to a relatively high SLL. However, for
users at the cell edge in a LOS MIMO scenario, the SNR increase due to the lenses
is able to restore the link, increasing the data rates by a factor of up to 75% for a
low-interference scenario, or by 17% when interference is present.
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Chapter 6
Conformal Transmitarray for
Scan Loss Mitigation with
Thinned Reconfiguration
This chapter presents the design of a conformal transmitarray with thinned reconfigu-
ration, operating at 28 GHz. The transmitarray consists of several panels, which are
rotated to align with different beam directions, increasing the gain and thus reduc-
ing the scan loss. Within each panel, the unit cells can be reconfigured between two
states. Unlike a conventional transmitarray, not all of the unit cells are electronically
controlled. A unit cell placement rule is proposed to significantly reduce the required
number of reconfigurable unit cells. Reconfigurable unit cells are only placed in re-
gions where a phase reversal is required, hence reducing the biasing complexity and
component cost, at the expense of reduced directivity. Additionally, only two layers
of substrate are used, which reduces the insertion loss and cost. The design reported
in this chapter has a smaller form factor than the design reported in Chapter 4, and
provides an alternative method for scan loss mitigation.
As described in Chapter 2, a transmitarray is a phase-shifting surface consisting of an
array of unit cells. These focus the wavefronts from a feeding antenna into a narrower
beamwidth. The transmitarray is fed by the 8-element linear phased array antenna
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Figure 6.1: Conformal transmitarray structure. The feeding antenna is the 8-element
phased array designed in Chapter 3.
designed in Chapter 3. Beam focusing is achieved for two different directions, 0° and
53.1° in simulation, using combinations of crossed-slot unit cells. By aligning the focus-
ing direction with the beam direction from the feed array, the scan loss can be reduced
compared to conventional planar transmitarray designs.
This chapter is structured as follows. Section 6.1 describes the transmitarray concept,
and Section 6.3 explains details of the novel transmitarray, including the unit cell design
and unit cell placement rule. Section 6.5 presents simulation and measurement results
for the fabricated prototypes. Section 6.6 compares the performance with the fixed lens
design from Chapter 4, and concluding remarks are provided in Section 6.7.
6.1 Transmitarray Concept
6.1.1 Conformal Shape
The transmitarray is beam steerable with a reduced number of reconfigurable unit
cells, as shown in Fig. 6.1. Fig. 6.2 illustrates the transmitarray concept. The focusing
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Figure 6.2: Phased array feeding a tilted transmitarray: focusing directivity is propor-
tional to the projected area in the direction of the beam.
directivity of the tilted side panel increases the gain at wide steering angles. By tilting
the side panels, the projected area is increased, overcoming the beamwidth broadening
problem described in Chapter 2 and [47].
Fig. 6.3 shows the evolution of the design from a flat panel to a conformal surface.
Initially, panels with equal area were designed, but the gain at the maximum steering
angle was not sufficient (the simulated value was 10.9 dBi). The cutting height hc refers
to the height of the central panel relative to the feeding antenna. It determines the
area (and hence the gain) of each panel. Increasing the cutting height increases the
area of the side panels, thus increasing the gain. Scan loss was mitigated by using more
zones (i.e. a larger panel area) for the wider steering angles. The aim is to achieve a
gain profile which is the reciprocal of the scan loss. Increasing the cutting height also
helps to suppress sidelobes when beam steering to the maximum angle, as more of the
radiation from the feed PCB is incident on the side panel.
6.1.2 Thinned Reconfiguration
The presented transmitarray features several modifications compared with a conven-
tional design. These were necessary in order to maximise gain whilst minimising com-
198 6. Conformal Transmitarray for Scan Loss Mitigation with Thinned
Reconfiguration
A2 
A2 
A2 = A1  A2 > A1  
Planar Conformal 
Conformal  
(increased hc) 
β = 144° 
A1 
z 
y 
x 
67° 
27° 
β = 144° β = 144° 
A1 
23.5 mm 
66.7 mm 84 mm 120 mm 
20 mm 
64 mm 
Figure 6.3: Design evolution of the transmitarray shape from planar to conformal. β
is the progressive phase shift between the phased array elements, as defined by (2.3) in
Chapter 2, and implemented in Chapter 3.
ponent cost.
The term thinned reconfiguration refers to placing reconfigurable unit cells only placed
in regions where a phase reversal is required. The remaining unit cells in regions away
from the main lobe are fixed (not reconfigurable). Within each panel, groups of unit
cells are switched between two states to align the focusing direction with the main lobe
of the feeding antenna. This feature contrasts with a transmitarray with fully populated
control, in which all of the unit cells are individually reconfigured using their own bias
lines.
An attempt was initially made to thin the total number of unit cells, by only using one
type of unit cell to produce a 180° phase shift relative to the blank dielectric layers.
However, this was unsuccessful and reduced the gain, as a smaller proportion of the
panel area was populated with cells. This can be explained by a well-known trade-off
known as the thinned array curse [47]. As elements are removed from an array, the
gain reduces and the SLL increases. This occurs due to the formation of grating lobes,
when missing elements leave gaps larger than a wavelength in size.
Instead, in this design, thinning of the number of reconfigurable unit cells was proposed.
This enables the same total number of cells to be maintained, whilst reducing the
number of control lines and PIN diodes. Unit cells which are permanently OFF do not
need to be reconfigured, so do not require bias lines.
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The phase wrap problem described in [141] refers to a difference in mutual coupling
between unit cells when steering to wide angles within the transmitarray panel. This
causes a phase error which degrades the directivity and the SLL. In this chapter, the
second novelty is that beam steering is performed within the phased array feed, rather
than at the transmitarray panels. This limits the SLL, as the phase pattern on the
panels is not truncated when steering to the edge of the panel and the phase wrap
problem is avoided. Although using a unit cell with a 1-bit phase resolution reduces
the directivity by 3.92 dB [261] [143], the number of diodes is halved compared to more
costly designs having a 2-bit phase resolution. Using fewer substrate layers reduces
the insertion loss and simplifies manufacture, at the expense of increased phase error
and reduced directivity (and increased SLL) of the transmitarray. Phase error will
be discussed in Sections 6.3.2 and 6.2. These design features enable the cost to be
minimised whilst maintaining acceptable performance (realised gain greater than 12
dBi, SLL below -6 dB).
Antennas for millimetre wave access points are commercially available. In [17], the RF
chains were switched between a set of horns to provide a 34° field of view per sector and
a peak gain of 19 dBi. Compared to these, the proposed transmitarray design offers
wider beam steering per sector but with a lower gain value.
In Section 6.3.2, a unit cell placement rule is described to implement the thinning,
enabling the transmitarray to be designed to focus arbitrary radiation patterns from
the feeding antenna.
6.2 Theoretical Analysis
In this section, formulae for the efficiency and radiation pattern of the transmitarray
will be derived from fundamental theory.
A conventional transmitarray consists of a planar arrangement of unit cells, illuminated
by a feed source (Fig. 6.4). For this structure, the required phase distribution is [143]
[168]:
φm(xm, ym, zm) = −k0(sin θ0 cosφ0xm + sin θ0 sinφ0ym + cos θ0zm) (6.1)
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Figure 6.4: Transmitarray coordinate systems. (a) Planar transmitarray fed by a horn,
(b) Conformal transmitarray side panel fed by a phased array.
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where (θ0, φ0) are the elevation and azimuth steering directions, and (xm, ym, zm) are
the coordinates of unit cell m. In Fig. 6.4, xm = (m +
M−1
2 )d, yn = (n +
N−1
2 )d,
and zm = 0. M and N are the total numbers of unit cells in the x- and y-directions
respectively.
When steering in azimuth only, this simplifies to [148]:
φm(xm, ym) = k0(dm − sin θ0(xm cosφ0 + ym sinφ0)) (6.2)
where
dm =
√
(xm − xf )2 + (ym − yf )2 + zf )2 (6.3)
and (xf ,yf ,zf ) are the coordinates of the feed, in this case (0,0,-F ).
The overall radiation pattern can be calculated, using [143]. Here, terms are combined
to express the formula in full:
E(θ, φ) =
M∑
m=1
N∑
n=1
cosqe (θ − θ0) cos
qf (θfmn)√
(md)2 + (nd)2 + F 2
|Tmn|ejΨmn
× e−jk
(√
(md)2+(nd)2+F 2−d(m sin θ cosφ+n sin θ sinφ)
)
(6.4)
where the radiation pattern of the steered array source is modelled as cosqe (θ − θ0).
The term ejΨmn corresponds to the phases applied to the transmitarray unit cells, to
undo the phase variation due to the geometry of the cells from the feed (represented
by the right-hand part of (6.4)), i.e. ejΨmne−jk∠Gmn = 1.
In contrast to this, the unit cells of a conformal transmitarray are grouped into several
panels, which are tilted around the feed (Fig. 6.5(a)). This alters the radiation pattern
calculation, as the focusing effect of each panel must be separately evaluated. The
pattern of cells synthesised by the unit cell placement rule is denoted as the population
matrix. This will be presented in Fig. 6.14 and dicussed in Section 6.3.2. This matrix
was used within MATLAB® 2016a to predict the radiation pattern of each panel via
(6.4). The results are shown in Fig. 6.6. From the figure, the predicted azimuthal
beamwidths are observed to be 16° for β = 0° and 15.5° for β = 144°, which demonstrates
the constant beamwidth property.
202 6. Conformal Transmitarray for Scan Loss Mitigation with Thinned
Reconfiguration
h 
b 
hc 
θt 
b/2 b/2 
s 
c = b/h (h − hc) 
(a)
10 15 20 25 30 35 40 45 50
Cutting height hc (mm)
0
0.2
0.4
0.6
0.8
1
N
or
m
al
is
ed
ga
in
(l
in
ea
r
sc
al
e)
Central panel
Side panel
(b)
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Figure 6.6: Transmitarray azimuth radiation patterns predicted by MATLAB® simu-
lation. (a) β = 0°, (b) β = 144°.
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For a 3-panel structure, it has been shown that the phases should be applied to the
panels according to the following formula [168]:
∠Sm21 = k0 (rm − sin θ0 cosφ0xm − sin θ0 sinφ0ym − cos θ0zm)−φincm (θFS , φFS)−ϕFS(θm, φm)
(6.5)
where rm =
√
(F + zm)2 + x2m + y
2
m is the distance from the origin to the m
th unit
cell, and φincm (θFS , φFS) and ϕFS(θm, φm) correspond to the incident phases due to the
unit cell pattern and feeding antenna respectively. Please note that the unit cell global
coordinates (xm,ym,zm) take into account the tilt angle θt of the side panel relative to
the central panel. In the following analysis, normal incidence is assumed1 (angle of 0°)
and that the unit cell radiation pattern effects are negligible. Note that (6.4) calculates
the radiation pattern using the phases for a planar structure, whereas (6.5) calculates
the phases required for a conformal structure.
The array factor of a 3-panel phased array is given by [65]:
AF(θ, φ) =
N∑
n=1
ejk(xn(u−us)+yn(v−vs)+zn cos(θ)) (6.6)
where u = sin θ cosφ, v = sin θ sinφ,
us = sin θ0 cosφ0, vs = sin θ0 sinφ0.
Applying a rotation matrix in the x-z plane (about the y-axis) to the global coordinates
(xn, zn), gives the local coordinates (x
′
n, z
′
n) of the side panel:x′n
z
′
n
 =
 cos θt sin θt
− sin θt cos θt
xn
zn
 (6.7)
As in Chapter 4 equation (4.32), assuming that the interaction between panels is small,
the array factors of each panel can be superimposed:
AF(θ) = AF1(θ) + AF2(θ) + AF3(θ) (6.8)
1As the side panels are tilted (conformal), a normal incidence (θi = 0°) can be assumed for all
of the panels, reducing the stringent requirements for the unit cell. This is reasonably valid as the
transmitarray panels are perpendicular to the beam direction, and the magnitude and phase response
of the JC unit cells is known to be stable at oblique angles of incidence [208].
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where the panels are numbered from left to right around the feed.
For the feed PCBs in Chapter 3, the elevation beamwidth Θy and edge taper G(0) −
Gedge (dB) can be calculated as:
Θy = 180°× 2 cos−1
(
1
2n
)
(6.9)
Gedge = 10 log10 (cos
n θsub) (6.10)
An edge taper of around -10 dB is desired, so that the illumination efficiency is max-
imised.
For a planar (conventional) transmitarray, fed by an antenna with radiation pattern
Gf (θ, φ) = cos
n θ, and subtended angle θsub = tan
−1 ( D
2F
)
, the taper efficiency is cal-
culated by [251]:
ηs = 1− cosn+1 θsub (6.11)
ηt =
2n
tan2 θsub
(1− cos(n/2)−1 θsub)2
(n2 − 1)2(1− cosn θsub)
(6.12)
θsub is a function of F/D
1. The illumination efficiency is the product of these: ηi = ηsηt.
The overall aperture efficiency ηap is obtained by multiplying by material losses and
any directivity reduction terms, as evaluated later in Table 6.2 in Section 6.5.
The transmitarray is fed by the phased array designed earlier in Chapter 3 [207]. For
the Taylor β = 144° PCB, the feed array pattern can be approximated as Gfeed (dBi)
= 10 log10(cos
30(θ−48°) cos4(φ))+10.98. For the side panel, F/D = 0.34 was selected to
achieve maximum total efficiency, by balancing spillover efficiency (-0.26 dB = 94.2%)
with taper efficiency (-1.01 dB = 79.2%). For feed exponent n = 4, the feed edge taper
is -9.88 dB, and the subtended angle is 55.5° in azimuth, fully illuminating the side
panel. The side panels were inclined by θt = 53.1° to align with the maximum steering
angles. For both panels, F = 22 mm.
It is worth revisiting the shape optimisation presented in Fig. 6.3. Increasing the
cutting height increased the gain and also helped to suppress sidelobes, when steering
1Note that cos(tan−1 x) = 1√
1+x2
, so using x = D
2F
, this formula can be expressed in terms of F/D,
rather than the subtended angle.
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to the maximum angle. It ensured that more of the radiation from the feed PCB was
incident on the side panel corresponding to the main lobe.
The transmitarray shape was optimised by considering the gain required for each panel,
and solving a simultaneous equation for the cutting height hc as a function of panel
size:√
h2 + (b/2)2 −
√
(h− hc)2 + (c/2)2 = cos−1.5 (θ0max) αf (0)
αf (θ0max)
b
h
(h− hc) (6.13)
where c is the width of the central panel, b is the width of the base, αf (0) is filling
factor on the central panel, αf (θ0max) is the filling factor on the side panel, and constant
cos−1.5 (53.1°) = 2.15 for this design.
A value of hc = 19.73 mm was determined using the physical dimensions of the struc-
ture. This trade-off between gain through central and side panels is plotted in Fig.
6.5(a) in terms of hc. It can be seen that increasing the cutting height hc increases the
side panel area, to compensate for the scan loss cos1.5 (θ0). This was discussed earlier
in Section 6.1.
In summary, the gain is proportional to the following factors: scan loss, quantisation
loss, panel area, and the filling factor. For the side panel1, these terms are modelled in
Fig. 6.5(a) as:
G ∝ cos1.5 (θ0)
(
1−
( p
2pi
)2)
(8b− 0.391(8b− 3hc))αf (θ0) (6.14)
Similarly, for the central panel:
G ∝
(
1−
( p
2pi
)2)( b
2
− hc
0.666
)
αf (θ0) (6.15)
where p is the minimum phase increment of the unit cell in radians.
6.3 Transmitarray Design
In Fig. 6.7, the number of bits of phase shift is proportional to the number of conductor
layers in the unit cell, i.e. 1 bit of phase shift per 2 layers of conductor. As can be seen
1Both the central and side panels are used when steering to the maximum angle. However, most
of the radiation from the feed is incident on the side panel.
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Figure 6.7: Unit cell insertion loss and directivity reduction due to phase quantisation,
plotted against number of transmitarray layers.
from Fig. 6.7, the realised gain is maximised either for a small number of layers (i.e.
2), or for a very large number of layers (i.e. 10). For values in between, the insertion
loss due to the thickness of multiple layers outweighs the directivity increase due to a
finer phase resolution. Increasing the number of layers will require more PIN diodes to
control the resonance of each layer which increases the manufacturing complexity and
cost1.
Scan loss can be mitigated if electronic reconfiguration is applied outside of the radiating
elements. This is because the use of components such as PIN diodes within the radiating
elements tends to detune their resonance as the switch states are adjusted, leading to
mismatch losses [76]. Given that the wavefronts are spread over a large area on the
transmitarray surface, each diode will handle a small proportion of the total RF power.
Placing the diodes at the edge of the illuminated region reduces nonlinear effects [77].
1In Fig. 6.7, it is assumed that the insertion loss is 0.7 dB per conductor layer, and that coupling
between the layers does not alter the insertion loss due to material properties. This excludes insertion
losses due to the PIN diodes. It is also assumed that the number of bits of phase resolution is pro-
portional to the half the number of layers. The directivity reduction due to phase quantisation was
calculated as in (6.14).
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Figure 6.8: Unit cell physical dimensions in mm. (a) OFF, (b) ON, (c) Layer stackup,
showing 2 layers of copper.
6.3.1 Unit Cell Design
A variety of unit cell shapes have been proposed in the literature, including double
square loops [262] [263], microstrip patches [264], and slots. The double square loop
has the best transmission performance at wide angles of incidence, whereas a large
bandwidth can be achieved if Jerusalem cross slots are used. A switchable FSS us-
ing MEMS capacitors was demonstrated in [121]. The four-legged loaded element was
used to obtain full control of the bandwidth and incidence angle properties. For space
applications, in which thermal expansion must be considered, air gaps between layers
can be used instead of dielectric, to minimise the insertion loss (metal-only transmitar-
ray) [143]. However, this increases the thickness, and requires a large number of screws
for mechanical support.
Fig. 6.8 shows the structure of the proposed 1-bit unit cell, which operates at 28
GHz. It is based on the design presented in [265]. It consists of two metal layers,
printed on a Rogers® RT5880 substrate material having a thickness of 0.254 mm,
a dielectric constant of 2.2, and a loss tangent of 0.0009. Each metal layer consists
of a pair of crossed slots, and the incident fields are vertically polarised (Ey). By
selecting a symmetrical unit cell shape, they can be adapted for dual linear or circular
polarisation [266]. As shown in Fig. 6.8(c), the two metal layers are separated by a
3 mm thick layer of ePTFE material (of dielectric constant r = 1.4), which creates a
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Figure 6.9: Unit cell transmission for ON and OFF states. (a) Magnitude, (b) Phase.
100° phase shift between these layers. The unit cell has reduced thickness and insertion
loss compared with multilayer designs such as in [267].
The unit cell can be reconfigured between two phase states, OFF (0°) and ON (180°),
as shown in Figs. 6.8(a) and 6.8(b). For the OFF state, it has a Jerusalem cross
slot structure. In the ON state, the slots are not loaded with Jerusalem cross (JC)
shaped caps, producing a large phase change, as displayed in Fig. 6.9(b). Due to the
use of single-pole resonators (a two-layer structure), the transmission performance in
Fig. 6.9(a) was challenging to achieve, requiring fine-tuning of the unit cell physical
dimensions.
Figs. 6.13(a) and 6.3.1 show the change in transmission magnitude and phase as the slot
length is swept from 3.464 mm to 4.833 mm. Due to presence of the dielectric layers,
which shorten the guided wavelength in the effective medium, the slot length is scaled
by a factor of 2/(1 +
√
r) = 0.8055. As shown in Fig. 6.8(b), setting l = 4.4 gives a
length of 3.584 mm across the structure. A continuous phase variation can be observed
at 28 GHz. Sweeping the length of the slot achieved a large phase change of almost
270° (from -143.1° to +125.8°), but the transmission magnitude drops significantly, to
-2.157 dB, if the slot is too long (l = 4.6). This is because it only resonates when its
length is half a guided wavelength. Additionally, if the slot length is increased, it can
overlap with adjacent unit cells. Hence, JC cells had to be used to create a large phase
shift, and the cap length had to be optimised.
Both unit cell states were simulated in CST Microwave Studio® using Floquet ports
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Figure 6.10: Simulated fields passing through the crossed slot unit cell. (a) |Ey| (V/m),
(b) ∠Ey (°), (c) |Hx| (A/m), (d) ∠Hx (°).
and the frequency domain solver. Simulation details are available in Appendix B.1.
Fig. 6.9 shows the magnitude and phase of the Ey transmission coefficient through the
unit cell in ON and OFF states. A phase change of 189° was observed, which is close
to 180°, and the transmission magnitude is at least -1.76 dB at 28 GHz for both states.
As observed in Figs. 6.10 and 6.11, in the ON state, the surface current density, which
is proportional to the H field magnitude, is concentrated around the ends of the slots.
In the ON state, the Hx phase varies in a uniform way. For both the ON and OFF
states, the Ey magnitude is large within the slots, and varies in the z-direction. Both
the Ey and Hx phase vary rapidly at the air-copper boundaries. In the OFF state, the
resonance of the caps creates a large phase shift, because the currents travel through a
longer path. As shown in Fig. 6.12, for the JC cells, the surface currents are in opposite
directions (anti-phase) on each conductor layers, whereas for the CS cells, the surface
currents are in the same direction (in-phase).
The equivalent circuit for the unit cell is shown in Fig. 6.3.1. It is based on similar
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Figure 6.11: Simulated fields passing through the Jerusalem cross slot unit cell. (a)
|Ey| (V/m), (b) ∠Ey (°), (c) |Hx| (A/m), (d) ∠Hx (°).
(a)
Figure 6.12: Simulated surface current vectors, limited to a maximum of 40 A/m. (a)
Crossed slot unit cell, (b) Jerusalem cross slot unit cell.
circuits given in [268]. The parallel inductance and capacitance produces transmission,
while the series capacitance determines the coupling between layers and hence the phase
shift through the cell. Crossed slots are known to produce a bandpass transmission
response [269]. As the slot is complementary to a printed electric dipole, it behaves
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Figure 6.13: Unit cell design process. (a) Variation in transmission magnitude |S21| as
the crossed slot length 0.876l is varied, (b) Variation in transmission phase ∠S21 as the
crossed slot length 0.876l is varied, (c) Equivalent circuit in the z-direction through the
cell. For the JC cell (OFF state), the capacitance Ccap is introduced in parallel, and
the resonant frequency shifts downwards, resulting in a phase shift.
as a magnetic dipole [4, pp. 180-184]. When the JC caps are present, the resonant
frequency of the cell shifts downwards, because the parallel capacitance has increased.
The phase at the centre frequency of 28 GHz changes as the phase response shifts
downwards with respect to frequency, and hence the desired phase shift is achieved.
The results of varying the slot length parameter are shown in Fig. 6.13. As the
slot length is increased, the phase shift increases, but the transmission magnitude
falls. Thus the JC cells had to be used for the OFF state as they maintain a higher
transmission magnitude. Equations (6.16) and (6.17) model the magnitude and phase
of the transmission through the unit cell, when the Jerusalem cap length (capacitance)
is present or absent. For the ON state, CON = Cslot = 1.05 pF and for the OFF state,
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COFF = Cslot + Ccap + Cdiode = 1.05 pF + 382 fF + 42 fF. Lslot = 0.03 nH. Hence the
equivalent circuit in Fig. 6.3.1 can be approximately modelled by:
|S21| = 1√
1 + ω2L2slotC
2
slot
1√
1 + ω2L2slot(Cslot + Ccap + Cdiode)
2
(6.16)
∆φ = ∠S21max−∠S21min ≈ tan−1
(
ωLslot − 1ωCslot
R
)
−tan−1
(
ωLslot − 1ω(Cslot+Ccap+Cdiode)
R
)
+θline
(6.17)
which is based on [60, pp. 71-72]. ω = 2pif . For the ON state, Ccap = 0 and Cdiode = 0
can be used in (6.16) and (6.17). The value of R is related to Rdiode = 4.2 Ω [152] and
the loss resistance of the slot, which is at least 0.25 Ω [264].
For a frequency f in GHz, the magnitude and phase responses presented earlier in Figs.
6.9(a) and 6.9(b) can be empirically modelled as:
|S21|ON = 20 log10
(
1√
(1 + (f − 23.8)2)(1 + (f − 27.8)2)
)
+ 11.84 dB (6.18a)
∠S21ON = tan−1
(
(27.75− f) + 1
(f − 27.75)
)
(6.18b)
|S21|OFF = 20 log10
(
1√
(1 + (f − 33.3)2)(1 + (f − 28.3)2)
)
+ 13.78 dB (6.19a)
∠S21OFF = tan−1
(
1
(f − 28.05)
)
(6.19b)
The phase difference between states is given by: ∆φ = ∠S21OFF − ∠S21ON.
Electronic reconfiguration can be achieved by several possible methods. Liquid crys-
tal was initially considered for the design, as the material can be biased by applying
a voltage between two parallel conducting plates. However, it was not selected, due
to several issues. The liquid must be hermetically sealed in a cavity, and the crystal
orientations aligned with the cavity walls in an unbiased state. The liquid can flow be-
tween cells, causing a variation in the RF properties of the transmitarray, and dynamic
instabilities [270].
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Alternatively, PIN diodes could be placed across the ends of the Jerusalem cross caps,
applying a different bias voltage for each state. DC blocking in the form of interdigital
capacitors would be needed to isolate the bias voltages [110], and RF choke induc-
tors would be needed at the ends of the bias lines. To demonstrate the transmitarray
concept, unit cells with fixed phase shifts were used in the fabricated prototypes. For
electronic reconfiguration, PIN diodes would need to be placed on both the top and
bottom layers. When the diodes are forward biased (ON), incident radiation is trans-
mitted through the slots with a 180° phase change, but when the diodes are reverse
biased (OFF), the current path is lengthened so that there is minimal phase change
(around 0°).
The MACOM MA4GP907 diode [271] has an ON resistance RON = 4.2 Ω, an OFF
resistance ROFF = 300 kΩ, and small parasitic inductance and capacitance values (LON
= 0.05 nH, COFF = 42 fF in the 28 GHz band) [152]. Given that it has a high OFF
resistance value, and that the switching time is very fast (2 ns), this component is
suitable for the design.
The position and orientation of the bias lines must be chosen to minimise their effect on
the transmission of the incident waves through the structure. If the lines are sufficiently
narrow (width up to 0.1 mm), they will present a high impedance, so will have less
effect on the wavefronts [174]. As they act as a polarising grid, the bias lines should
be perpendicular to the incident field direction [140]. This design has no ground plane,
so each group of active unit cells must have both a Vbias and a ground connection. As
groups of cells share the same bias voltages, these lines can be routed between adjacent
cells. The required number of external control lines is equal to the number of beam
directions supported, so is inversely proportional to the steering resolution.
The bias lines could be implemented as large blocks of copper around the unit cells,
separated by thin gaps (through which the RF wave propagation is heavily attenuated).
The gaps may need to be meandered to form DC block capacitors. Radial stubs or high-
impedance lines of length
λg
4 could be used as chokes (inductors) on the external control
lines, to prevent the RF signal from affecting the DC control circuitry [203, p. 264].
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Figure 6.14: Transmitarray panels and unit cell combinations for each beam steering
angle of the feed array. β is the progressive phase shift between array elements. ON =
green, OFF = blue, permanently OFF = red. (a) β = 0°, (b) β = 144°.
6.3.2 Unit Cell Placement Rule
Now a rule is described for determining the positions of the reconfigurable unit cells.
As shown in Fig. 6.14, combinations of unit cells are switched ON or OFF to create
the phase distributions required for each beam direction. Each unit cell has 3 possible
states: ON, OFF, or permanently OFF. If a cell is OFF for all of the beam steering
directions, it is permanently OFF, and does not need to be reconfigured. Thinning
with an amplitude constraint means that reconfigurable unit cells are placed in the
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illuminated region, where they are most needed. Note that this method is not limited
to 3 states: a larger numbers of states can be used if the unit cell phase resolution is
increased, for example 2-bit phase control would use 0°, 90°, 180°, and 270° [144]. As
outlined in Section 7.2, this would increase the focusing directivity.
When steering to the boresight (θ0 = 0°) direction (using the β = 0° feeding array), the
feed array has already narrowed the beamwidth in azimuth, so rows of unit cells only
need to be placed in the y-direction to achieve elevation focusing. The central panel
of the transmitarray is active, and the unit cells in both side panels are OFF. This is
shown in Fig. 6.14(a).
When steering to +53.1° (using β = 144° in the feed), most of the feed radiation is
incident on the side panel. The opposite side panel at -53.1° is OFF. However, as the
side panels have been truncated, unit cells within the central panel are also used to
form the correct phase distribution. A progressive phase is added across the central
panel to steer this part of the wavefront. The unit cells on the central panel are shared
between all beam directions, so for this panel, a unit cell is reconfigurable if it changes
state for any beam direction. This is shown in Fig. 6.14(b). The unit cell patterns
would be mirrored when steering to negative angles.
The unit cell placement rule is applied in three steps:
1. Evaluate |Ey| and ∠Ey for the blank dielectrics (without unit cells).
2. Apply unit cell placement rule in local coordinates, for each panel, on a planar
grid.
3. Rotate cell patterns back to global coordinates, onto the panels.
The phase distribution of the waves incident on the transmitarray is a combination of
the effect of the radiating elements, feed network, and transmitarray panel geometry.
Thus, within each transmitarray panel, the amplitude and phase of the incident field
(Ey) must first be evaluated for the dielectric layers on their own (without copper).
Then, the phase at the centre of the panel corresponding to the main lobe of the feed
is used as the 0° reference. A key benefit of the transmitarray is that it is able to focus
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incident fields from an arbitrary source (including elevation sidelobes produced by the
feed network). Without the unit cells in Fig. 6.15(b), there is a much larger phase
variation at the centre of the side panel. The illumination of the transmitarray by
the phased array could be assessed using the electro-optic probe E field measurements
presented in Fig. 4.33 and Table 4.4 in Chapter 4 Section 4.8.2. The beamwidths
estimated from the measured fields could be used to optimise the F/D, via the feed
exponent, as described in Section 6.2.
Recall (6.4), which describes the radiation pattern associated with the design in Fig.
6.14. It is analogous to the pattern multiplication described in Chapter 2 Section
2.2. The term cosqf (θfmn) represents the radiation pattern of the unit cell, which
has simulated beamwidths of 73.7° and 99.4° in azimuth and elevation respectively.
The beamwidth for the chosen unit cells was sufficiently wide to allow a variation in
incidence angle across the transmitarray panels.
ON unit cells are placed along phase contours to ensure that the outgoing wavefronts
are in phase. These phase contours are analogous to Fresnel zones. A reconfigurable
unit cell is only placed where the amplitude of the incident field lies above a certain
threshold. The unit cell placement rule is as follows:
ψmn =

180° if |Ey| ≥ |Ey|min and
∠Eymin ≤ ∠Ey ≤ ∠Eymax
0° otherwise
(6.20)
where ψmn is the required phase shift through unit cell (m,n). ψmn equates to ∆∠Ey,ON
= 180°, or ∆∠Ey,OFF = 0°. |Ey| = |Ey(x′, y′)| is the E field amplitude in V/m and
∠Ey = ∠Ey(x′, y′) is the E field phase in degrees.
For correct wrapping in the range -180° to +180°, the phase is calculated as ∠Ey =
atan2(Re(Ey), Im(Ey)).
Table 6.1 shows the threshold values used for each beam steering direction. A lower
value of amplitude threshold |Ey|min is used for β = 144° because the magnitude of the
fields incident on the edge of the panels is lower for this case.
When applying the rule, Ey is evaluated in a coordinate system (x
′, y′) local to each
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(a) (b)
Figure 6.15: Side panel with unit cells, fed by β = 144° array. (a) |Ey|, (b) ∠Ey.
Table 6.1: Amplitude and phase thresholds for the unit cell placement rule.
β |Ey|min ∠Eymin ∠Eymax
0° 100 V/m -230° -50°
144° 5 V/m -154° +26°
panel. For the central panel, x′ = x, whereas for the side panel, x′ = −0.8x+ 0.6z, i.e.
the coordinates are rotated by θt = 53.1°, using (6.7). For both panels, y′ = y. The
spacing between unit cells is d = λ0/2 in both directions, x
′ and y′, so the unit cells
form a regular grid (x′mn = md, y′mn = nd). Once the rule has been applied, the unit
cell positions are mapped back onto the panels, by rotating by −θt.
For the central panel, the required phase is ∠Ey = ∠Ey,feed + ∆φ, where ∠Ey,feed is
the phase of the feeding antenna on its own, and when steering to θ0max = 53.1°, a
progressive phase correction is applied: ∆φ = k(−0.2x + 12) sin θt. This correction is
based on the k∆d sin θt formula mentioned in [65], and is calculated from the number of
cells across the panel. The phase error was minimised by the correct placement of unit
cells (Fig. 6.15(b)). As expected from using 1-bit phase quantisation, the maximum
phase error was 90° within the illuminated region.
The filling factor represents the proportion of the panel area which is covered by recon-
figurable unit cells. It measures the reduction in the number of unit cells. The filling
factor can be controlled by adjusting the amplitude and phase thresholds in the unit
cell placement rule. For a given filling factor, the rule calculates the arrangement of
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unit cells which maximises the gain and limits the SLL. For the side panels, a filling
factor of 35% was achieved, and for the central panel, the filling factor was 67%. This
reduced the total PIN diode cost by 59% compared to a design with fully populated
control.
6.4 Fabrication
Each transmitarray consists of several layers. The transmitarrays were assembled by
bending the flat PCB panels and ePTFE pieces to an angle of 53.1°, and slotting them
into the base. Each base was 3D printed in three parts, including a removable crosshair
for laser alignment during measurement. A support structure made from crossbars of
laser-cut ROHACELL® foam (r = 1.048, tan δ = 0.0135 at 26.5 GHz), was inserted
beneath the transmitarrays. This pressed both the transmitarray panels and the feed
PCB flat from inside the structure. A 3 mm thick layer of Teflon® (r = 2.08, tan δ =
0.0004 at 10 GHz) was inserted to support the feed PCBs, and a metal plate reflector
of 3 mm thickness was screwed on behind this.
The initial measurements were unsuccessful due to the presence of air gaps (of around
0.5 mm) between the transmitarray layers. The air gaps detuned the unit cells, altering
their phase shifts, and so preventing focusing from occurring. The transmitarrays were
disassembled and Rogers® 3001 bonding film (r = 2.28, tan δ = 0.003 at 10 GHz) of
thickness 38.1 µm was placed between the dielectric layers. Adhesive was not used as it
would be difficult to spread evenly. Instead, heating was used to attach the bonding film
to the other layers of material. As shown in Fig. 6.16(c), each transmitarray was then
reassembled using metal screws and heated in an oven (CIF FT02) to a temperature of
217°C for 15 minutes. The transmitarrays were clamped and cooled for 20 minutes, as
shown in Fig. 6.16(d), and the original Nylon screws were re-inserted. On the outside
of the transmitarray, a pincer made from ROHACELL® was used to press the layers
together from the outside after bonding (Fig. 6.16(e)). By removing any air gaps, this
ensured that good measurement results were obtained (a 5.07 dB increase in peak gain
compared to the structure with air gaps).
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(a) (b)
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Figure 6.16: Photographs of the fabrication process. (a) Fabricated PCB panel, (b)
Details of the ROHACELL® support structure, (c) Heating of each transmitarray
in an oven, (d) Clamping to remove air gaps between layers, (e) Pincer made from
ROHACELL® to press layers together after clamping.
Figure 6.17: Photograph of the fabricated antenna prototypes. (a) β = 0°, (b) β =
144°.
6.5 Results
The conformal transmitarray was simulated for the two different beam directions in
CST Microwave Studio® using the time domain solver.
220 6. Conformal Transmitarray for Scan Loss Mitigation with Thinned
Reconfiguration
y x 
z 
β = 0° 
β = 144° 
y x 
z 
Figure 6.18: |Ey| cross-sections through the transmitarray.
Figure 6.19: Simulated 3D radiation pattern for β = 144°, showing realised gain.
Fig. 6.18 shows the y-component of the E field on a cross-section through the structure.
The wavefronts are focused as they pass through the transmitarray panels. The field
pattern resembles the diffraction through an array of crossed slots presented in [101,
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Figure 6.20: Simulated frequency variation of the reflection coefficient for β = 0°, β =
144°.
p. 502]. When β = 0°, the elevation beamwidth reduced to 15.4° (compared to a
beamwidth of 70° for the feeding antenna on its own), and for β = 144°, the elevation
beamwidth reduced from 67° to 28° when focused. A total efficiency of 75% was achieved
for both beam steering directions1. Fig. 6.19 illustrates the spot beam shape of the
3D radiation pattern, when steering to the maximum angle. As seen in Figs. 6.20 and
6.21, simulated and measured -10 dB return loss bandwidths of 1.15 GHz and 1.25 GHz
were achieved, respectively. This is sufficiently wide to enable 5G communications.
Figs. 6.22 and 6.23 show the scanning performance of the transmitarray antenna. The
maximum steering angle was 64° in measurement, possibly due to refraction from an
unexpected bending of the fabricated side panels. The curvature of the side panels
increased the measured steering angle, compared with the simulated angle of 53.1°.
Compared to the conventional phased array on its own [207], the realised gain at θ0max
increased by 2.4 dB, and the scan loss has been reduced by 3.21 dB (from 3.41 dB to
1Note that this excludes PIN diode insertion losses, typically around 1-2 dB [140, p. 110], which
would need to be considered in an electronically reconfigurable version of this design.
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Figure 6.21: Measured frequency variation of the reflection coefficient for β = 0°, β =
144°.
0.2 dB). A sidelobe level (SLL) less than -6 dB was achieved for steering angles 0° and
±64°. The transmission coefficient magnitude is high (-1.764 dB) for the OFF unit cells
on the side panels. This caused the SLL of the boresight radiation pattern to increase
by 9 dB, and could be optimised in future work.
Table 6.2 summarises the simulated sources of power loss1 within the design, when
steering to the maximum angle. The transmitarray reported by [140] is chosen for
comparison because it achieved a high value of realised gain (20.8 dBi at 0°, 18.0 dBi
at 50° in azimuth). The aperture efficiency indicates how well the transmitarray area
is used. Its value of 8% for this design is comparable with the value of 9.5% from [140].
If the projected part of the central panel is included, in the direction of the beam
at the maximum steering angle, the total area is proportional to s + cos(53.1°)c =
s + 0.6c, as defined in Fig. 6.5(a) in Section 6.2, so the aperture efficiency reduces to
5%. The proposed design has lower spillover and polarisation losses, resulting in an
1Averaged between ON and OFF states. In the ON state, the simulated insertion loss is 0.5635
dB, and in the OFF state, the simulated insertion loss is 1.764 dB at 28 GHz.
6.6. Discussion: Comparison of Fixed and Reconfigurable Lenses 223
-180 -135 -90 -45 0 45 90 135 180
-20
-10
0
10
20
Figure 6.22: Simulated azimuth radiation patterns for β = 0°, β = 144°.
improved total efficiency (75%, compared to 58% in [140]). Compared to [140], the
proposed transmitarray has a smaller panel area by a factor of 4.72 (6.736 dB) and
a resulting gain reduction of 7.11 dB, which is similar. This 0.374 dB reduction in
scaled aperture efficiency could be due to its filling factor (reduced number of active
unit cells). Nonetheless, the scan loss has been reduced by 2.5 dB compared to the
design in [140].
6.6 Discussion: Comparison of Fixed and Reconfigurable
Lenses
Table 6.3 compares the performance of the designs from Chapters 3, 4, and 6. Compared
with the cascaded Fresnel lens antenna from Chapter 4, this transmitarray has reduced
physical size whilst still mitigating scan loss. An electronically reconfigurable version
of this design could use PIN diodes, which would consume DC power for biasing, and
would require additional control circuitry. However, the use of thinned reconfiguration
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Figure 6.23: Measured azimuth radiation patterns for β = 0° (red) and β = 144° (blue).
Scan loss has been mitigated as the peak gains are equal for both beam directions.
has reduced the estimated biasing power consumption to 0.93 W (in proportion to the
number of active unit cells), which is smaller than for state-of-the-art designs when
scaled to the same number of unit cells [140].
Fig. 6.24 compares the radiation patterns at the maximum steering angle, for the three
different designs. By passively focusing the incident wavefronts, the cascaded lens
antenna can independently focus towards a different azimuth direction for each row of
elements. As discussed in Chapter 5, this makes it suitable for MIMO applications.
The conformal transmitarray has a narrow azimuth beamwidth of 17° for both steering
directions (0° and 64°), enabling it to address users located within a given angular
range. Once the SLL is reduced in future versions of the design, this would enable it
to reduce interference within a dense deployment of 5G/6G small cells.
Compared with the cascaded lens antenna presented in Chapter 4, the transmitarray
has a higher total efficiency, and a lower SLL when steering to the maximum angle.
This can be seen in Table 6.3. The comparatively low SLL occurs because the focusing
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Table 6.2: Efficiency for each part of the transmitarray design (Taylor β = 144°)
Component Value
Maximum theoretical directivity 23.46 dBi
Directivity reduction due to phase quantisation 3.92 dB
Directivity reduction due to filling factor 3.19 dB
Taper efficiency -1.01 dB
Realised directivity 14.64 dBi
Spillover loss 0.26 dB
Unit cell conductor loss1 0.86 dB
Unit cell dielectric loss1 0.31 dB
Feed PCB efficiency -0.90 dB
Realised gain 12.5 dBi
Total efficiency 77.4 %
Aperture efficiency 8.0 %
direction can be electronically reconfigured. The cost of both antennas is comparable.
The bandwidth is wider for the fixed lens design, as it is not limited by the resonance of
the unit cells1. In both designs, there is a fundamental limit on the maximum scan loss
which can be overcome: in order to achieve a higher focusing directivity, more layers
can be cascaded, at the expense of a reduced total efficiency. The transmitarray design
presented in this chapter employs fewer layers, improving the RF efficiency, so has the
potential to reduce the total power consumption of the base station.
The transmitarray has a much smaller form factor than the fixed lens antenna reported
in [272], whilst maintaining a similar value of minimum antenna gain (12.5 dBi, com-
pared to 12.96 dBi for the fixed lens design). The size of the antenna is similar to
1There is a trade-off between insertion loss and bandwidth. If the number of transmitarray layers
is increased, a wider bandwidth can be achieved but the efficiency falls.
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Figure 6.24: Comparison between measured azimuth radiation patterns for the phased
array from Chapter 3, the cascaded lens antenna from Chapter 4, and the transmitarray
from Chapter 6. Results correspond to the Taylor β = 144° feed PCB.
that of designs from the literature based on fixed lenses [146] [2]. However, the novel
design reported here has the advantage of a higher boresight gain than in [146], and
a reduced scan loss compared to [2]. Compared to commercially available flat-panel
satellite terminal antennas such as [274] [275], the proposed transmitarray is able to
maintain consistent G/T and EIRP values at both boresight and the maximum steering
angle.
As outlined in Chapter 2, several works based on the bifocal technique have improved
the scan loss performance [180] [181]. Compared to these, the proposed design is able
to achieve a reduced scan loss, at the expense of an increased SLL. Through the use of
phased arrays, the presented design [273] is also able to reduce the scan loss compared
to state-of-the-art transmitarrays which use a single feeding antenna [168], albeit with a
reduced bandwidth. Compared with a planar transmitarray fed by a phased array [164],
which has a fractional bandwidth of 23.3%, and other similar works [158], the proposed
conformal technique could enable wide steering to be achieved more easily.
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Table 6.3: Comparison of measured performance for antenna designs presented in
Chapters 3, 4, and 6. The same phased array feed PCB, β = 144°, is used for all
designs.
Performance criterion Taylor phased
array [207]
Cascaded lens
antenna [272]
Conformal
transmitarray
[273]
Maximum steering angle θ0max (°) 48 52 64
Gain (dBi) at θ0max 9.77 12.96 12.50
Bandwidth (GHz) for |S11| < −10 dB 3.36 3.30∗ 2.34+
Total efficiency (%) at θ0max 81.3 62.5 77.4
Scan loss (dB) 3.13 2.39 -0.07
(±0.5 dB)
Maximum SLL (dB) across the steering
range
-8.02 -4.78 -5.77x
∗ 3 dB gain bandwidth was 1.75 GHz.
+ 1.25 GHz common bandwidth,
considering the β = 0° design.
x -10.02 dB if the first sidelobe is
considered part of the main lobe.
In this chapter, it was hypothesised that by tilting the side panels of a transmitarray,
they are better able to focus radiation from a phased array feeding antenna, reducing
the scan loss. For the case when fixed unit cells are used, this has been confirmed
through both simulation and measurement. Based on an extensive investigation of the
unit cell design, placement, and panel geometry, it is recommended to increase the side
panel area and reduce the unit cell thickness, in order to maximise the gain at the
maximum steering angle.
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6.7 Chapter Summary
This chapter has presented the design of a beam steerable conformal transmitarray
with thinned reconfiguration. Using a thinned arrangement, different combinations of
unit cells are selected (turned ON or OFF), creating phase changes which are aligned
with the beam direction of the feeding antenna. The number of reconfigurable unit
cells (and hence PIN diodes and cost) was reduced by 59% to just 76 cells. A unit cell
placement rule was devised to simplify the layout of the transmitarray panels. At the
maximum steering angle of at least ±53.1°, the conformal structure ensured that the
incident wavefronts were normal to the side panels, reducing the simulated scan loss to
just 0.2 dB, and the measured scan loss to -0.07 dB (±0.5 dB). A simulated gain of at
least 11.9 dBi and a SLL below -6 dB were achieved for two different steering angles.
A maximum variation in E field phase of ±90° was maintained within the main lobe
region of the side panel, when fed by a phased array steered to the maximum angle
(the Taylor β = 144° PCB from Chapter 3). A measured 10 dB return loss bandwidth
of 1.25 GHz and a gain of 12.5 dBi were achieved for two steering angles (0° and 64°).
The maximum steering angle differed from the simulated value of 53.1° due to a slight
bending of the fabricated side panels. By minimising scan loss, this antenna could
improve the performance of 5G/6G small cell access points.
Theoretical analysis was introduced to demonstrate how the radiation pattern and total
efficiency can be calculated, to agree with the results of the measurements and simu-
lations respectively. Compared to alternative approaches, the proposed transmitarray
design offers a 2.5 dB reduction in scan loss and a high total efficiency of 75% at the
expense of reduced directivity (low aperture efficiency). The design achieves a gain
increase of 2.73 dB at the maximum steering angle compared to a conventional phased
array. The next chapter will discuss future work, which could extend this investigation
of conformal transmitarrays.
Chapter 7
Conclusion and Future Work
This chapter summarises the thesis, by highlighting the key achievements, and oppor-
tunities for future work.
7.1 Summary of the Thesis and Implications
In this thesis, it has been shown that lenses and transmitarrays can be used to reduce
scan loss. It has been demonstrated that the use of lens focusing gain at wider steering
angles is beneficial for beam steerable antenna systems. The presented methods are
effective when insertion loss is minimised by the careful selection of materials suitable
for millimetre wave frequencies. Beam steerable antenna prototypes operating at 28
GHz have been successfully demonstrated. By tilting the side lenses to align with the
maximum steering angle, the focusing gain was increased in that direction, overcoming
beamwidth broadening. It was found that a constant beamwidth could be maintained,
even when steering between the sectors of a base station.
This work has advanced knowledge in the topic of phased array design. To illuminate
the lenses without significant spillover losses, a key objective was to reduce the sidelobe
level of the phased array. This was met in Chapter 3 through the use of unequal
power dividers within the feed network. A greater understanding of both fixed and
reconfigurable lens antennas has also been developed, through the study of Fresnel
zone plates and a conformal transmitarray. A design procedure enabling the physical
dimensions of the lenses to be calculated for different gain requirements and operating
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frequencies has been established in Chapter 4. The calculated amplitudes are derived
directly from the geometry of the array elements beneath the lenses. In Chapter 5, it
was found that this topology can be extended to support multiple antenna rows with
low scan loss in a line-of-sight multiple-input multiple-output (LOS MIMO) scenario.
As seen in Chapter 6, antennas can now be designed to align the focusing gain with
the main lobe direction of a phased array, a capability which was not possible using
previous techniques.
The methodology used included antenna design and simulation, and experimental val-
idation of the fabricated prototypes. The design evolved in several stages. Firstly,
the phased array was designed to determine methods for controlling the array excita-
tion. Then this was integrated with a lens antenna, to assess the use of focusing gain.
However, due to its large physical size, the design based on dielectric lenses has prac-
tical limitations, which led to the more compact solution based on a transmitarray. It
has been shown that Fresnel zones for focusing can be implemented in both fixed and
reconfigurable forms.
Several contributions to knowledge have been established:
1. Unequal power dividers, realised in microstrip, can be used to reduce the sidelobe
level within the feed networks of a phased array antenna. A Taylor amplitude
taper can be synthesised by adjusting the widths and lengths of the stubs, whilst
maintaining a minimum microstrip line width suitable for reliable manufacture.
2. Cascaded Fresnel lenses can be used to mitigate scan loss, provided that matching
layer insertion loss is minimised. Cascading increases the overall focusing direc-
tivity, by combining the focusing effects of each lens. Hence a fan beam from
the feeding antenna is converted into a narrower spot beam. The conformal lens
arrangement is able to increase the gain for several directions within the wide
steering range. Asymmetric amplitude distributions can be used within the feed
networks to prevent the main lobe from splitting, when steering to angles between
the lenses.
3. Scan loss mitigation via lenses can be achieved for up to 3 out of 6 streams in
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a LOS MIMO scenario. For two streams, a correlation of 0.08% was obtained
between measured radiation pattern cuts at an azimuth angle of 52°. This low
value indicates that the patterns are orthogonal. The measured gain at this angle
varied from 10.94 dBi to 13.61 dBi. This could improve the minimum quality of
service for users located between sectors, at the cell edge.
4. A conformal transmitarray can be used to mitigate scan loss. By aligning with
different beam directions, the transmitarray panels maintain a constant projected
area with respect to the steering angle, increasing the gain at wide angles. This
emphasises the use of directivity to overcome losses. Within the transmitarray, a
unit cell placement rule was proposed to reduce the number of active unit cells
required to focus the beam, reducing the component cost and biasing complexity.
E field amplitude and phase thresholds, used as inputs to the rule, determined
the chosen unit cell patterns. Permanently OFF unit cells, shared by both beam
directions, are fixed rather than reconfigurable, to simplify the design.
The conformal transmitarray design achieved a scan loss reduction of 3.2 dB and the
total efficiency was 75% both at boresight and at the maximum steering angle. However,
a remaining limitation is the presence of sidelobes which have not been fully suppressed,
due to the use of 1-bit phase quantisation. Nonetheless, a sufficiently high gain level
was achieved over a moderately wide steering range (±64°), and scan loss was overcome.
7.2 Directions for Future Work
The designs presented in this thesis have wider implications both within and beyond
5G/6G small cells. The array from Chapter 3 could be used within 5G/6G access points
to suppress sidelobes and backlobes. Due to their constant beamwidth property, the
lenses and transmitarray antennas from Chapters 4 and 6 could also find applications
such as radar [73] and millimetre wave imaging [131].
Due to budget and fabrication constraints, it was necessary to use fixed feed networks,
which limited the beam steering resolution that could be experimentally investigated.
Electronically controlled phased arrays and 5G/6G waveforms could be used for a
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more realistic demonstration. The unit cell designed in Chapter 6 could be developed
by including active components, to validate the transmitarray using PIN diodes. This
would require the parasitic inductance and capacitance of the components and their bias
lines to be taken into account. Alternatively, the antenna in Chapter 4 could be used
within a cellular link demonstration, in indoor and outdoor scenarios, as well as urban
and rural environments [231], to verify the capacity estimates presented in Chapter
5. By evaluating the impact of antenna impairments on system-level performance,
the detailed study of antenna architectures, provided in this work, could inform the
choice of beamforming antennas and low-loss materials for future 5G/6G millimetre
wave access points.
Future research could be performed within the following areas:
1. Scaling the designs to support other frequency bands, such as 80 -
90 GHz. Spectrum allocations for E-band frequencies (60 - 90 GHz) are being
considered, as the upper frequencies within this band have favourable propagation
characteristics and reduced antenna size [276]. The antenna fractional bandwidth
could be increased through the use of stacked patch elements [71], and wideband
lens techniques [142]. For satellite communications, lower frequencies such as C-
band (4 GHz - 8 GHz) and Ku band (12 GHz - 18 GHz) are also of interest, so
it may be useful to investigate multiband antenna techniques.
2. Scan loss mitigation for 2D beam steering. An alternative lens arrange-
ment could be employed, consisting of a rotationally symmetric dome [129] with
cascaded outer dome portions. For the transmitarray, an additional panel could
be placed in the elevation direction.
3. Methods to reduce the sidelobe level. In Chapter 4, a high sidelobe level
occurred at larger steering angles. Sidelobes were magnified in the direction
opposite to the main lobe. Future studies could investigate methods to remove
this, by adjusting the array amplitudes to place a null towards these directions.
For the transmitarray design in Chapter 6, the SINR performance would be better
if the transmitarray could actively block sidelobes in the downlink, and shield the
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feed array from interference received from unwanted directions. A reflectarray
mode for this purpose was suggested in [151, pp. 151-155] [277].
4. Increasing the focusing gain of the transmitarray to realise a desired
gain value. For the transmitarray in Chapter 6, this could be achieved by
increasing the aperture efficiency. The local E field magnitude and phase could
be measured using an electro-optic probe, by tilting each panel to align with the
horizontal plane of the probe. Regions of large phase error could be identified and
reduced to increase the directivity. A lens which electronically reconfigures its
diameter (i.e. F/D ratio) in real-time could have applications in the LOS MIMO
systems described in Chapter 5, to optimise the trade-off between link range and
angular resolution, based on the user location.
5. Increasing the beam steering resolution of the transmitarray. As seen in
Chapter 6, there is a trade-off between the steering resolution and the reduction
in the number of active elements which can be achieved by the unit cell placement
rule. Individually biasing the unit cells enables fine beam steering, whereas split-
ting the unit cells into a number of separately biased groups simplifies the design.
The phase distributions required for steering between the panels could be inves-
tigated. It is possible that a curved transmitarray shape, like in [169] [170], could
be more effective in terms of crossover gain level than separate planar panels.
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Appendix A
Design Calculations
A.1 Link Budget
Table A.1 summarises the link budget for a 5G downlink scenario, in which a microcell
base station (Tx) transmits to the mobile user (the receiver, Rx). This was shown in
Fig. 2.1 in Chapter 2.
First, the required SINR is calculated, and from this, the required boresight gain of the
base station antenna is determined.
SINR =
PS
PN + PI
(A.1)
SINR(dB) = 10 log10
(
10
PS(dBW)
10
10
PN (dBW)
10 + 10
PI (dBW)
10
)
(A.2)
PS = PT +DBS − LBS − Lother − LFSP − Lblock +GUE (A.3)
LFSP(dB) = 32.45 + 20 log10(f0,MHz) + 20 log10(dTx Rx, km) (A.4)
The realised gain in dBi of the base station antenna is given by GBS = DBS − LBS.
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Table A.1: Link budget for a single-user LOS SISO downlink
Quantity Symbol Value
Centre frequency f0 28 GHz
User distance from base station dTx Rx 200 m
Maximum bit error rate BER 10−3
Capacity C 2 bit/s/Hz
Overhead 1− ηphy 75%
Sum-spectral efficiency CΣ 0.5 bit/s/Hz
Bandwidth B 1 GHz
Per-sector data rate R 0.5 Gbps
Minimum Tx signal power PTmin 0 dBm
Maximum Tx signal power (blockage) PTmax 30 dBm
Base station directivity DBS 19.79 dBi
Base station antenna loss LBS 2.79 dB
Base station realised gain GBS 17.0 dBi
Free-space path loss LFSP 107.4 dB
Other losses Lother 2.21 dB
User antenna gain GUE 10 dBi
Rain and blockage loss Lblock 30 dB
Rx signal power PS -82.6 dBm
Noise spectral density N0 -174 dBm/Hz
Rx noise figure FRx 7 dB
In-band noise at Rx input PN -77 dBm
SLL at user antenna SLLmax -10 dB
Rx interference power PI -82.6 dBm
Rx SINR SINR -5.728 dB
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The in-band received noise power in Table A.1 is calculated as
PSmin = N0 + 10 log10(B,GHz× 109) + FRx (A.5)
Note that the noise figure of a real system will depend on the gain Gi and noise figure
Fi of each of the blocks in the RF chain. However, the gain of the low-noise amplifier
(LNA) reduces the effect of these noise components. The noise figure can be calculated
more accurately as [50, pp. 193-197]:
F = F1 +
F2 − 1
G1
+
F3 − 1
G1G2
(A.6)
The value of -174 dBm/Hz in Table A.1 is calculated for a temperature of 300 K using
Boltzmann’s constant [233] [50, pp. 489-494].
The following assumptions have been used in the link budget calculation:
1. Single-input single-output (SISO) system. The LOS MIMO capacity was esti-
mated in Chapter 5 Section 5.6.
2. Single user at the cell edge. In reality, 5G systems will have around 100 users
per sector, distributed randomly within the cell with equiprobable azimuth angles
[237]. The angles-of-arrival at the base station depend on both the user positions
and the position and orientation of reflectors within the channel environment.
3. Conventional modulation and coding: 16-QAM with an overall code rate of 0.33.
In real 5G systems, adaptive coding and modulation will be used to vary the
modulation index and code rate according to the SINR, to maximise the achiev-
able data rate. This can be assessed in terms of the channel quality indicator
(CQI) [228]. The overhead value was calculated in Chapter 5 section 5.6.
4. Energy per bit per unit noise spectral density Eb/N0 of -11.7 dB (at low SNR).
Adding a 3 dB margin to this gives (Eb/N0)min = -8.7 dB (i.e. SNR = -5.7
dB). This was calculated using the formula SNR = η EbN0 from [226, p. 40], where
modulation index η = 4 for 16-QAM.
5. Gaussian-distributed interference with zero mean. Interference is considered as
noise, due to the use of multicarrier waveforms such as OFDM, which have nar-
rowband subcarriers (flat fading).
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6. Equal noise power and interference power at the receiver (before accounting for
antenna gain or patterns). For example, for a noise power ten times less than the
signal (SNR = 10 dB), an SLL below -10 dB produces an SINR ≥ 7 dB. A range
of interference scenarios based on user and interferer positions are evaluated in
Chapter 5 Section 5.6. Worst-case noise figure values are available in [122].
7. Each user is operating in the low SNR regime, i.e. power-limited rather than
bandwidth-limited, so capacity will increase linearly with SNR.
8. Directional antennas at Tx and Rx, producing free-space line-of-sight (LOS) prop-
agation (path loss exponent γ = 2). 1
9. SLLmax = -10 dB. In the uplink, the base station antenna SLL must be minimised
to minimise received interference, whereas for the DL, the user antenna SLL is a
key parameter.
10. Minimum Tx power of 0 dBm, which could be increased to a maximum of +30
dBm, for example in adverse weather conditions or blockage [26, pp. 106-126].
11. Base station minimum efficiency of 52.6% (-2.79 dB). This includes the antenna,
feed network losses, and lens insertion and reflection losses.
12. A maximum acceptable BER of 10−3 for the user to successfully recover the
transmitted signal. This is assumed to occur for the (Eb/N0)min value stated
above, and implies a minimum acceptable received power of around -90 dBm [226,
p. 273], typically ranging from -105 dBm [233] to -85 dBm [234].
LBS represents losses due to cables, mismatch, and antenna misalignment. For a max-
imum received power of -55.4 dBm, the required base station antenna directivity DBS
is 19.79 dBi. Using the efficiency assumption above, beamwidths of 17° and 20° are
1This varies from 1.96 for indoor environments, to 3.86 for outdoor propagation, due to multipath
effects [26, p. 503], which can be approximated by the two-ray model [4]. Although the received
power for non-line-of-sight (NLOS) components is not negligible at millimetre wave frequencies [234],
to simplify the link budget, it is assumed that the user is positioned away from a large reflector such
as a building, and that the antennas are directional. In this scenario, the NLOS components are small.
The peak NLOS power reported in [234] was 20 dB below the peak LOS power.
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obtained in azimuth and elevation respectively, as given in Table I in Section 4.4. These
agree with the specifications in [230]. The directivity in linear units is approximated
by:
DBS =
G
η
≈ 32400
ΘHΘV
(A.7)
Please note that (A.7) assumes that there are no sidelobes. If the SLL is around -7.5 dB,
as for the 2-zone single lens antenna presented in Chapter 4, 13500ΘHΘV is a more realistic
estimate. The error in different directivity formulae is compared in [5, pp. 50-57].
For comparison with other link budgets, the reader is referred to the results presented
in [61], and the parameters in [26, p. 503] and [233].
A.2 Microstrip Design Formulae
The following formulae were used in Chapters 3 and 4 to synthesise the physical di-
mensions of microstrip designs, for a given substrate material and thickness. These
formulae are reproduced from books and papers for the reader’s convenience.
A.2.1 Microstrip Patch Design
This design procedure is from a book by Huang and Boyle [4, pp. 187-191].
The aim is to design a microstrip patch with a centre frequency f0 = 28 GHz, bandwidth
of 1 GHz, and maximum total efficiency. The free-space wavelength is given by λ0 =
c
f0
,
where c is the speed of light in free-space, 3 × 108 m/s = 1√0µ0 .
Firstly, the substrate material is selected.
1. Minimise loss tangent tan δ = 
′′
′
= Im()Re() .
2. Choose relative permittivity r. If r is low, the patch will radiate more easily, as
the fields are less bound to the substrate [5, p. 723].
3. Choose thickness h, in the range 0.003λ0 ≤ h ≤ 0.05λ0. If the thickness is
small, surface waves will not propagate (below the critical angle for total internal
reflection θcrit = sin
−1
(
1
r
)
[26, pp. 205-206]).
240 A. Appendix A
So Rogers® RT5880 substrate (r = 2.2, tan δ = 0.0009 at 10 GHz) with a thickness
of 0.254 mm was chosen.
Secondly, the patch width W and length L are calculated (in mm). Note that in the
following, f0 is in Hz (requiring a conversion factor of 10
9), and c is in mm/s (requiring
a conversion factor of 103).
W =
c
2f0
√
2
r+1
(A.8)
reff =
r + 1
2
+
r − 1
2
1√
1 + 12 hW
(A.9)
The length extension ∆L (mm) is given by:
∆L =
0.412d(reff + 0.3)(
W
h + 0.264)
(reff − 0.258)(Wh + 0.8)
(A.10)
L =
c
2f0
√
reff
− 2∆L (A.11)
An inset feed was used instead of a quarter wave transformer, because the high impedance
of the quarter-wave line would require a narrow microstrip line width of 0.18 mm.
Za = 90
2r
r − 1
(
L
W
)2
(A.12)
The quarter wave transformer impedance is the geometric mean of the feed line impedance
and antenna input impedance, and the feed line impedance Z0 = 50 Ω.
Zt =
√
Z0Za (A.13)
Calculate the inset depth y0 (in mm):
y0 =
L
pi
cos−1
(√
Z0
Zt
)
(A.14)
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A.2.2 Microstrip Transmission Line Design
This synthesis method is from a book by Pozar [50, pp. 143-145]. The feed line width
determines its impedance, and its length determines the phase (electrical length).
reff(feed) =
r + 1
2
+
r − 1
2
1√
1 + 12 hWfeed
(A.15)
Wfeed
h
=
 8e
A
e2A−2
Wfeed
h < 2
2
pi (B − 1− ln(2B − 1) + r−12r (ln(B − 1) + 0.39− 0.61r ))
Wfeed
h ≥ 2
(A.16)
where
Z0
60
√
r + 1
2
+
r − 1
r + 1
(
0.23 +
0.11
r
)
(A.17)
B =
377pi
2Z0
√
r
(A.18)
The substrate thickness h is already known, so the width can be found as:
Wfeed =
Wfeed
h
h (A.19)
The length l of a microstrip line, synthesised in Chapters 3 or 4, is proportional to the
electrical length θ = βl (phase shift through the line). Rearranging,
l =
θ
2pi
λ0√
reff
(A.20)
Hence the input impedance to a terminated lossless transmission line is given by [50,
p.60]:
Zin = Z0
ZL + Z0 tanβl
Z0 + ZL tanβl
(A.21)
A.3 Feed Networks: Additional Design Details
The following material relates to the design procedure in Chapter 3 Section 3.5.
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Conventionally, a resistor is connected across the outputs of a power divider to increase
the isolation between the ports. At millimetre wave frequencies, these resistors are
costly and for this reason they were not employed [72]. A ‘resistor’ value, R, is still
chosen to set the impedance of the transmission lines. The unequal dividers were
simulated both with and without a lumped resistor component. Current flows through
the resistor if there is a difference between the voltages at the divider ports [50, pp. 318-
323]. Removing these resistors reduced the isolation between ports 2 and 3. For the
K = 0.37 divider, |S32| = -7.35 dB at 28 GHz. This value was sufficiently large to
ensure that the measured radiation patterns were not noticeably degraded. This could
be due to a low mutual coupling (< -20 dB) between adjacent elements, and because
any power diverted to these elements will be re-radiated.
At millimetre wave frequencies, the feed line insertion loss increases with length, so
these lines must be kept as short as possible to maintain high efficiency. To achieve
good impedance matching, and reduce feed radiation, sharp bends in the line should
be avoided. The feed network for the 8-element phased array incorporates three stages
of power division (i.e. log2 8 = 3). An overall return loss greater than 10 dB is desired
at the input port (or 13 dB excluding the input matching at the radiating elements).
Since the maximum efficiency of the feed network is the product of the efficiencies of
each stage, the return loss of each stage must be better than 22 dB. Hence a good
impedance matching (i.e. minimal reflections) is required at each stage. A formula for
the feed network efficiency is given in (3.33) in Chapter 3 Section 3.5.8.
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Table A.2: Taylor PCBs: phase shifts, steered beam directions, and meander widths
and lengths in mm.
β (°) 0 36 72 108 144
θ0 (°) 0 -11.5 -23.6 -36.9 -53.1
Wm1 0.766 0.766 0.766 0.766 0.766
Wm2 0.766 0.7002 0.6345 0.5687 0.503
Wm3 0.766 0.6345 0.503 0.371 0.5
Wm4 0.766 0.5687 0.3175 0.24 0.5
Wm5 0.766 0.766 0.766 0.766 0.766
Wm6 0.766 0.7002 0.6345 0.5687 0.503
Wm7 0.766 0.6345 0.503 0.371 0.5
Wm8 0.766 0.5687 0.3175 0.24 0.5
Wm right 0.766 0.503 0.24 0.24 0.24
Lm1 0 0 0 0 0
Lm2 0 0.794 1.588 2.382 3.176
Lm3 0 1.588 3.176 4.764 6.352
Lm4 0 2.382 4.764 7.146 9.528
Lm5 0 0 0 0 0
Lm6 0 0.794 1.588 2.382 3.176
Lm7 0 1.588 3.176 4.764 6.352
Lm8 0 2.382 4.764 7.146 9.528
Lm right 0 3.176 6.352 9.528 9.528
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Table A.3: Phase correction meander lengths in mm. Li corresponds to antenna element
i.
β (°) 0, 36, 72,
108
144
L1 2.437 2.437
L2 0 0
L3 2.274 2.274
L4 0.1654 0.1654
L5 0.2219 3.398
L6 2.635 5.811
L7 0.3079 3.484
L8 2.635 5.811
A.4 Loss Analysis for the Dielectric Lenses
Wave impedance Z = |E||H| is the ratio between magnitudes of the field components. An
impedance mismatch at a boundary between media will result in a partial reflection
and partial transmission at the interface (boundary). The transmission coefficient T is
related to the reflection coefficient via |T | = 1− |Γ|.
Matching layers are commonly applied to lens surfaces to reduce reflections which are
caused by a change in wave impedance (material permittivity). The use of a dielectric
sandwich as a radome, and an analysis of its losses, are given in [278]. The loss constant
of a single dielectric sheet is given by [50, pp. 97-98]:
αd =
k tan δ
2
=
2pi
√
r match
λ0
tan δ
2
Np/m (A.22)
For a thickness t = nlayertlayer, the loss is αdt Np. A refinement was made to this
formula by Cady 1948 [56], multiplying by
(
1 + tan δ
2
8
)(
1− tan δ24
)
. However, since
the loss tangent of the lens materials is small (0 ≤ tan δ ≤ 0.04), these terms tend to
1, so have minimal effect.
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For TEM wave propagation, the sandwich can be modelled as a transmission line struc-
ture in terms of the wave impedances of each material. Each dielectric layer is modelled
by an ABCD matrix [278]:A B
C D
 =
 cosφ j ZZ0 sinφ
j Z0Z sinφ cosφ
 (A.23)
where electrical length φ = 2pid
√
−sin θ2
λ , wave impedance ratio
Z
Z0
=
√
−sin θ2
 cos θ , d is the
thickness of the layer, and θ is the incidence angle. Normal incidence (θ = 0°) can
be assumed to simplify the calculation. For oblique incidence angles, each polarisa-
tion propagates differently: the Brewster angle is the angle of incidence for which the
reflection of the parallel polarisation is zero [50, pp.35-38] [4, p.87].
Once the ABCD matrices for each layer have been multiplied together, the total re-
flection and transmission can be calculated as T = 2A+B+C+D and R =
A+B−C−D
A+B+C+D .
This assumes that the characteristic impedance of the material has been normalised to
Z0 = 1 Ω [50, pp.184-187]. Reflection losses account for 0.5 dB of the total loss in the
single lens case (from Table 4.3 in Chapter 4), but when the matching layer material
is lossy, the efficiency reduces by a further 0.57 dB. This corresponds to (A.22).
Table A.4 presents the reflected, absorbed, and transmitted power for 2 and 6 matching
layers, calculated from simulated total efficiency values. These correspond to a single
lens or three cascaded lenses, respectively. Due to inter-reflections between the air-
ePTFE interfaces, the loss increases significantly when the number of lossy layers is
increased. Additionally, errors in the physical dimensions of the matching layers can
cause a mismatch, as the transmission line length tmatch deviates from
λg
4 [50, p. 74].
When tmatch is increased by 12%, from 2.677 mm to 3.0 mm, the simulated loss for a
single lens increases by 0.3 dB. However, compared to the matching layer thickness,
the gain was more sensitive to variation in the groove depth, lens thickness, and lens
position relative to the feed. As the gain varies parabolically with the groove depth, it
is important to minimise the manufacturing tolerance of this parameter.
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Table A.4: Loss analysis for different numbers of matching layers.
Quantity Two Layers Six Layers
Reflected power (%) 5.0 6.0
Absorbed power (%) 12.3 30.6
Transmitted power (%) 82.7 63.4
Table A.5: Losses for different components within the cascaded lens antenna from
Chapter 4, for β = 144°.
Antenna Component Simulated Insertion
Loss (dB)
Simulated
Efficiency (%)
Microstrip Patch 0.8 83.18
Feed Network 0.66 85.90
Tapered Transition 0.2 95.50
Lenses (zoning) 0.01 99.77
Matching Layers 0.62 86.70
Total: 2.29 59.02
Appendix B
Simulation and Measurement
B.1 Simulation Methods
The complete antenna assemblies in Chapters 3 – 6 were simulated in CST Microwave
Studio® 2016 using the time-domain solver with a hexahedral TLM mesh. A port
impedance of 50 Ω was used for all simulations which involved a connector or a discrete
port (probe feed). A server with 20 CPU cores and a desktop computer with 8 cores
were available. Table B.1 summarises the simulation settings, which correspond to the
designs and simulation settings listed below.
1. Chapter 3: Taylor phased array [207].
2. Chapter 4: Cascaded Fresnel lens antenna [272].
3. Chapter 5: 2-stream back-to-back-fed MIMO.
4. Chapter 5: 6-stream probe-fed MIMO.
5. Chapter 6: Conformal transmitarray [273].
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Table B.1: Global mesh settings for the CST simulations.
Ch 3: [207] Ch 4: [272] Ch 5:
2-stream
Ch 5:
6-stream
Ch 6: [273]
S parameter accuracy -40 dB -40 dB -40 dB -25 dB -20 dB
Cells per wavelength 10 8 8 8 8
Cells per max box edge 10 8 8 8 8
Fraction of maximum cell
near to model
10 4 4 4 4
Total number of mesh cells (million) 88.0 67.9 117.8 164.3 199.4
Approximate simulation
time (hours)
0.5 7 14 48 2.5
Global mesh refinement
Chapter 3:  Refinement with a minimum of 5 cells across axially aligned face.
 Refinement with a minimum of 20 cells across axially aligned elliptic face, with 2
additional fine cells.
 Refinement around edge: Available minimum cell: 2.
Chapter 4:  Refinement around edge: Fraction of maximum cell near to model: 2, Additional
cells around edge: 0.
Chapter 5: 2-stream back-to-back
 Refinement around edge: Fraction of maximum cell near to model: 2, Additional
cells around edge: 0.
Chapter 5: 6-stream Probe-fed
 Feed PCB Copper: Step width in (x,y,z) using (500, 500, 0) cells across object.
 Feed PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2 mm,
0.08333 mm), and extend range in z by 0.01 mm.
 Patch PCB Copper: Edge refinement factor: 2.
 Patch PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2
mm, 0.06 mm), and extend range in z by 0.01 mm.
 Probe Copper: Edge refinement factor: 2, Step width in (x,y,z) using (4, 0, 8) cells
across object.
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Chapter 6:  Refinement around edge: Fraction of maximum cell near to model: 2, Additional
cells around edge: 0.
Local mesh refinement
Chapter 3:  Feed PCB Copper: No local mesh refinement.
 Feed PCB Substrate: Step width in z using absolute value 0.06 mm, and extend
range in z by 0.01 mm.
Chapter 4:  Feed PCB Copper: Step width in (x,y,z) using (500, 500, 0) cells across object.
 Feed PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2 mm,
0.06 mm), and extend range in z by 0.01 mm.
Chapter 5: 2-stream back-to-back
 Feed PCB Copper: Step width in (x,y,z) using (500, 500, 0) cells across object.
 Feed PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2 mm,
0.06 mm), and extend range in z by 0.01 mm.
Chapter 5: 6-stream Probe-fed
 Feed PCB Copper: Step width in (x,y,z) using (500, 500, 0) cells across object.
 Feed PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2 mm,
0.08333 mm), and extend range in z by 0.01 mm.
 Patch PCB Copper: Edge refinement factor: 2.
 Patch PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2
mm, 0.06 mm), and extend range in z by 0.01 mm.
 Probe Copper: Edge refinement factor: 2, Step width in (x,y,z) using (4, 0, 8) cells
across object.
Chapter 6:  Feed PCB Copper: Step width in (x,y,z) using (500, 500, 0) cells across object.
 Feed PCB Substrate: Step width in (x,y,z) using absolute value (0.2 mm, 0.2 mm,
0.06 mm), and extend range in z by 0.01 mm.
 Transmitarray PCB Copper (same for each panel): Edge refinement factor: 12,
Step width in (x,y,z) using (200, 500, 0) cells across object.
 Transmitarray PCB substrates did not need local mesh refinement.
It is necessary to explain the method used to produce Fig. 3.19 in Chapter 3. The
effect of errors in the Ki values within the feed was quantified by replacing the elements
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Figure B.1: Hexahedral TLM mesh for the cascaded Fresnel lens antenna with refine-
ment around the β = 144° feed PCB. Inset: mesh detail around equal power divider in
the feed network, and around the central lens.
Figure B.2: Hexahedral TLM mesh for the transmitarray antenna. Inset: mesh refine-
ment around the unit cells and the feed PCB.
with waveguide ports, and determining the S parameters via CST simulation. Waveg-
uide ports are more suitable for high frequencies than discrete ports because they avoid
discontinuities in impedance and finite port length effects. From Ki values, the relative
power levels at the elements were calculated, and the power split ratios and amplitudes
were deduced (by solving simultaneous linear equations). The far-field radiation pat-
tern, calculated in MATLAB® using these values, was then compared with the CST
simulation result (for the feed network with patches).
To reduce the number of mesh cells and simulation time, the mesh was locally refined
around the feed PCB for all designs (Fig. B.1), and GPU acceleration was used. The
global mesh had 8 cells per wavelength and edge refinement, whereas the top copper
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(a)
(b)
Figure B.3: Unit cell simulation model. (a) Floquet ports, (b) Tetrahedral mesh used
to model each layer.
layer of the microstrip was divided into 500 mesh cells in the x- and y-directions, and
the substrate was refined with step widths in mm of ∆x = 0.2, ∆y = 0.2, ∆z = 0.05. A
minimum cell size of 0.05 mm is recommended to limit the simulation time. As seen in
Fig. B.1, at least 3 mesh cells were used across the 100 Ω lines within the feed network,
which are the narrowest part of the structure. The S parameter accuracy was -40 dB.
For the 6-stream MIMO antenna simulation in Chapter 5, the mesh was refined so
that there were 9 mesh cells across each probe-feeding pin in the y-direction. As each
feed PCB was rotated by 90°, it was necessary to refine the mesh in both the x- and
y-directions.
In Chapter 6, the unit cell simulation was performed using the frequency domain solver
with Floquet ports and a tetrahedral mesh. The frequency range was from 26 GHz to 31
GHz. Unit cell boundaries were placed around the cell in the x- and y-directions (Fig.
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Figure B.4: Mesh convergence study for the Taylor β = 72° phased array antenna in
Chapter 3.
B.3). Two transverse electric (TE) and transverse magnetic (TM) Floquet modes were
applied at normal incidence (0°). Only the first modes, TE(0,0) and TM(0,0) were used
(with propagation constant β = 649.7 rad/m at 31 GHz), and the other modes were
in cutoff (with attenuation constant α = 977.4 Np/m at 31 GHz). The Floquet ports
were placed at a distance of ∆z = 2.677 mm
(
= λ04
)
from the unit cell outer surfaces
to give the evanescent modes sufficient distance to decay. At least seven iterations were
needed for the S parameters to converge to a solution. A theoretical analysis of Floquet
ports and unit cell boundaries is provided in [151, pp. 45-56].
The transmitarray structures were simulated using the time domain solver, with a mesh
refinement of 25 cells per wavelength at the copper layer of the slots, as shown in Fig.
B.2.
The TLM simulation method has the following potential sources of error: time-domain
truncation of the impulse response, which would cause frequency-domain ripples; coarse-
ness of the mesh may not capture rapid field variation; wave velocity across the diag-
onal of the mesh cell requires a resolution of at least 10 cells per wavelength; and
misalignment of dielectric interfaces relative to the mesh [279]. A convergence study
was performed for the PCBs on their own, to assess the error in the simulated S pa-
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Figure B.5: Technical drawing, showing cross-sections through the middle side lens.
rameters. As shown in Fig. B.4, it was found that a global mesh resolution of 14 cells
per wavelength was sufficient to achieve a residual error in the maximum transmission
and absorption coefficient 1− |S11|2 below 1.96%. When the mesh was locally refined
within the substrate, a global mesh of 10 cells per wavelength was able to achieve the
same performance as 14 cells per wavelength, and the simulation time was reduced.
B.2 Antenna Fabrication and Technical Drawings
Around 60 part drawings were produced for the PCBs, lens, and transmitarray assem-
blies. An example of these is reproduced in Fig. B.5, showing the drill hole used to
mount the middle side lens onto the base. Fig. B.6 shows the shape of the 3D printed
bases in more detail, and Fig. B.7 illustrates the reassembly of the inner lenses, once
the matching layers had been glued on. The central lens is held in place by pressure
from the side lenses, so does not require screws or adhesive.
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(a) (b)
Figure B.6: 3D printed base designs. (a) For the cascaded lens antenna, (b) For the
transmitarray.
Figure B.7: Assembly of the fabricated inner lenses, with matching layers.
B.3 Experimental Methods
This section describes the experimental procedures used for antenna measurement.
B.3.1 S Parameter Measurement
For each antenna under test (AUT), the S11 was measured to verify the impedance
matching: that a resonance exists in the band of interest. The AUT was connected
to a Rohde and Schwarz ZVA67® network analyzer via a coaxial cable (of loss 3.1 dB
at 28 GHz and length 1 m). For the S parameter measurements, Open-Short-Match
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(a)
(b)
Figure B.8: Test setup block diagrams. (a) Radiation pattern measurements in an
anechoic chamber, (b) S parameter measurements, on bench.
(OSM) calibration was applied in the frequency range 24 – 30 GHz, using a 2.92 mm
calibration kit (model ZV-Z218). 2.92 mm female end-launch solderless connectors [201]
were screwed onto each AUT). The connector has a low insertion loss of around 0.8 dB
at 28 GHz [202].
After calibration, there was a 4% residual error (±2Ω for a 50 Ω load), observed as a
frequency-periodic ripple in the S parameters. This could be due to a residual mismatch
between the source within the ZVA and the load impedance at the end of the cable.
Its effect is shown in Fig. B.9.
The S parameters Sii for each element within the 3-element design in Chapter 4 were
measured, with and without the base (mounting block, screws and reflector). Although
256 B. Appendix B
-1 -0.5 0 0.5 1
Re(Γ)
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
I
m
(Γ
)
Open
Short
Match
Figure B.9: Measurement results after OSM calibration, showing a residual error of 4%
in the transmission magnitude derived from the S11.
ports 1 and 3 were not terminated in matched loads, the simulated coupling between
elements was low (|S21| < -15 dB). For the 8-element designs in Chapters 3 – 6, a
single port was measured for each PCB, i.e. |S11|. For Chapter 5, a 2-port calibration
(TOSM, using a through connection) and S parameter measurement was performed,
with 301 steps across the frequency range.
B.3.2 Radiation Pattern Measurement
The gain and pattern measurements were performed in the anechoic chamber at the
University of Surrey. Each feed PCB was slotted into place beneath the lenses (or
transmitarray), using grooves in the base. Beam steering was achieved by swapping
feed PCBs beneath the lenses. When steering to each angle, the gain was measured
with and without the lenses to assess their effect. First, the gain was calibrated against
a reference horn of gain 24.9 dBi at 28 GHz, placed 3.22 m away from the AUT. The
AUT boresight gain was calculated by gain comparison [5, p. 870].
When measuring the radiation pattern, both the AUT and network analyser rotated on
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a turntable, as shown in Fig. B.10. Cables were kept as short as possible to minimise
losses. The horn was connected to the ZVA67® via a cable of length 7 m (with a loss
of 28 dB at 28 GHz), to allow the turntable to rotate. The network analyser was placed
on the turntable to minimise twisting of the cables (and its effect on the gain). For
azimuth measurements, the turntable was rotated along the H-plane of the microstrip
antenna elements. For elevation measurements, the antenna was placed on its side and
rotated along the E-plane, with the horn at 90° with respect to its vertical orientation.
The AUT was tested in transmit mode with a network analyser output power of -12
dBm. A power amplifier of gain 15.5 dB at 28 GHz increased the received power above
the noise floor of the network analyser (around -70 dBm). It required a DC supply of
15 V and 447 mA. The network analyser was connected via a GPIB-USB adaptor cable
to a computer outside the chamber, running software in Agilent VEE Pro.
A laser aligner was used to reduce measurement errors. 3D printed holders with
crosshairs, placed at a known distance above the antenna phase centres, were designed
for alignment of the horn antennas with the antenna prototypes. The main sources of
experimental uncertainty are a variation of ±0.05 m in the chamber length, ±0.6 dB in
the reference horn gain, and seasonal ambient temperature variations, which caused a
gain change of around ±1 dB. This could be reduced by using a temperature-controlled
chamber. A gain drift of -0.6 dB per hour was observed when the equipment was first
switched on, possibly due to thermal effects. Thus a warm-up time of at least one hour
is recommended, before commencing measurements.
The radiation patterns were measured with two different intermediate frequency (IF)
bandwidths on the network analyser. A narrower IF bandwidth (10 Hz) reduced the
effect of noise compared to a wider bandwidth (such as 10 kHz), but increased the
measurement time. Using the power amplifier, an IF bandwidth of 1 kHz was sufficiently
narrow to maintain a noise floor below -70 dB. The S parameters of a low noise amplifier
(LNA) were measured using a custom-designed bias board, as shown in Fig. B.12. It
was not required in the final test setup, but could be used for long-range measurements.
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(a) (b)
(c) (d)
Figure B.10: Photographs of the antenna measurement, showing the AUT on top of
the network analyser. (a) AUT (foreground) with horn (background), (b) Overall setup
showing the power amplifier and cables, (c) Power amplifier detail, (d) Power amplifier
biasing.
B.3.3 Electro-Optic Probe Measurement
The crystal inside the electro-optic (EO) probe acts as a polarised grid in between two
crossed polarisers. When an electric field (RF signal) is present, the crystal polarisation
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(a) (b) (c)
(d) (e)
Figure B.11: Additional antenna measurement photographs. (a) Special β = 72° with
lenses and 2.92 mm cable, (b) and (c) 3D printed antenna holders, and the lenses before
matching layers were attached, (d) Horn antenna rotated by 90° for elevation copolar
and azimuth crosspolar measurements, (e) Use of the laser aligner.
(a) (b) (c)
Figure B.12: Further measurement photographs. (a) Performing TOSM calibration,
(b) LNA biasing, (c) LNA characterisation (model UMS CHA3688aQDG).
rotates, increasing the optical signal detected by a photodiode [215]. The probe was
scanned at a distance of 1.5 mm above the surface of the PCBs, in 0.2 mm steps. Fig.
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Figure B.13: Electro-optic probe measurement setup. (a) Probe above the antenna
under test, (b) Lab equipment, including 2.92 mm RF and optical cables.
B.13 shows the test setup. The NeoScan® system contains mixers, amplifiers, and an
optical detector. Measured power values between -115 dBm and -82 dBm are expected
for a typical antenna under test. The local oscillator (LO) output power was 15 dBm
at 14.05 GHz, which was verified using a calibrated power meter. Given that f0 > 4
GHz, the LO frequency was calculated via the formula fLO =
(f+0.1)
2 GHz.
During measurement, the AUT should be kept flat, so that the distance from the probe
to the AUT surface is uniform in the x- and y-directions. If this is not possible, the
probe should be placed above the highest point on the AUT surface. A spirit level
was used to verify that the AUT was horizontal. To measure the perpendicular E field
polarisation, the probe can be rotated by 90° about the z-axis.
If the setup is calibrated to a known E field magnitude, for example 1 V/m using a
TEM cell, the radiated power can be estimated from the E field magnitude via the
antenna factor, Ψ [4, p. 120]:
VRMS =
10
PindBm−10
20√
2
Volts (B.1)
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Figure B.14: Elevation (left) and azimuth (right) radiation patterns for the Taylor β =
0° PCB, calculated in MATLAB® from measured E field data, using open source code
from [280].
Ψ =
9.73
λ0 × 10−3 ×
√
10
GdBi
10
m−1 (B.2)
E (V/m) = Ψ VRMS (B.3)
where Pin is the input power to the AUT in dBm, and G is the AUT gain in dBi. Note
that the input power will be lower than the output power of the signal generator, due
to cable losses of 3.1 dB at 28 GHz.
Since the gain varies as a function of steering angle, the antenna factor also varies, as
shown in Table B.2 for each Taylor phased array PCB. The values presented in the
table correspond to an input power of -10 dBm. Note that the measured E field values
can be converted into V/m via the formula E (V/m) = 10
E dBV/m
20 . Near-to-far-field
transformation of the measured E fields gives the far-field radiation patterns, as shown
in Fig. B.14 for the Taylor β = 0° PCB.
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Table B.2: Calculated E field magnitudes for different beam steering angles.
β = 0° β = 144°
Antenna gain at 28 GHz (dBi) 11.9 8.77
Antenna factor (m−1) 230.9 331.1
E field magnitude (V/m) 1 mm above antenna 14.55 20.53
Scan Loss: Challenges in the 5G Physical Layer 
Modem 
Digital data is represented by waveforms suitable for the channel. 
Key challenges: 
 Waveform design to maximise data rates within the available 
spectrum (capacity). 
 Hardware and software complexity, real-time processing. 
 Interference cancellation, channel estimation, synchronisation. 
These make communications reliable (low bit error rate). 
RF Chain 
Power amplifiers (PA) and low-noise amplifiers (LNA) are required 
to increase the signal strength. Waveforms from the modem are 
upconverted to high frequency. 
Key challenges: 
 PA efficiency and linearity, solved by envelope tracking and    
digital predistortion. 
 LNA: minimising noise figure. 
 Full duplex—transmitting and receiving at the same time on the 
same frequency. 
Antenna 
Transmits and receives electromagnetic waves, 
interfacing between the wireless channel and the 
hardware. Currently, most mobile antennas are 
based on dipoles. 
Key challenges: 
 Beamforming to direct power towards the 
base station or user. This may involve phased 
arrays of patch antennas. 
 Increasing number of antennas, to exploit 
parallel paths in the channel. 
What is 5G? 
 New high-speed standard for wireless communications. 
 Mobile broadband, ultra-reliable, low latency, internet of things (IoT). Devices will 
communicate with each other directly. 
 For remote healthcare, connected cities, cars, smart sensor networks. 
 
Base Station Requirements 
 Access point to the mobile network, such as a large cell 
tower or a small wireless hotspot. 
 5G will include higher frequencies than 3G and 4G, for 
example millimetre-wave spectrum in the range 22 - 95 
GHz. 
 Requirements include excellent RF calibration, efficient 
cooling, size reduction, and low cost. 
Handset Requirements 
 Users require long battery life, fast processing speed, and good signal coverage. 
 Connectivity everywhere (seamless user experience). 
The Research Problem: Scan Loss 
 Antenna gain measures how much power is concentrated in a particular direction. Focussing power   
into beams improves signal strength and reduces interference. 
 Phased arrays suffer from scan loss, a reduction in gain when steering to wide angles. This work aims 
to minimise scan loss, improving the link budget by increasing the signal to noise ratio. 
 Existing solutions require large numbers of feed ports or elements. This novel solution uses a single 
feed port and reduces scan loss by up to 6.1 dB at θ0 = 50°. 
5G Network Architecture 
 Many users in a dense urban environment. 
 Many small cells, with dynamic allocation of resources to users based on data rate and 
energy efficiency. 
 Remote radio heads connected to processing 
servers (virtualisation of network resources). 
 Rural connectivity via satellites. 
Tim Hill 
PhD in Electronic Engineering, 5G Innovation Centre 
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Wireless Channel 
The channel is a constantly-changing environment through which 
radio waves propagate, from the transmitter to the receiver.  
Wireless devices must monitor the channel, and compensate for 
its effects. 
Key challenges: 
 Noise, and reduced signal strength (path loss). 
 Other users create interference. 
 Buildings reflect the waves, and foliage absorbs the waves, so 
the  signal strength can reduce severely (fading, shadowing). 
Doctoral College Conference 
25th-26th July 2017 
Figure B.15: Research poster presented at the Doctoral College Conference, July 2017.
B.4 Posters
Fig. B.15 is a poster showing the research problem in the context of a 5G system. The
poster in Fig. B.16 summarises the key aspects of the conformal transmitarray.
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Scan Loss Mitigation 
 Gain of a phased array reduces with steering 
angle 
 Caused by element factor and array factor. 
 Conformal 
 Side panels are rotated to align 
with maximum steering angle. 
 Side panel area is increased 
to overcome scan loss. 
Conformal Transmitarray for Scan Loss Mitigation 
with Thinned Reconfiguration 
 
Conformal Transmitarray 
 Transmitarray (phase shifting surface) 
 Unit cells produce elevation focusing. 
 Low insertion loss, as unit cells are fed 
from free-space, rather than via a feed 
network. 
 Fed by an 8-element phased array 
 Beam steering in azimuth by adjusting 
progressive phase. 
 Thinned reconfiguration 
 Bias voltages applied to groups of 
unit cells. 
 Fewer reconfigurable unit cells 
means fewer PIN diodes and bias 
lines (low-cost). 
Unit Cell Placement 
Rule 
 Unit cells placed where a 
phase shift is needed 
 Where E-field amplitude is above 
a threshold, and phase is within 
a range. 
1. Evaluate |Ey| and ∠Ey for blank 
dielectrics. 
2. Apply unit cell placement rule in 
local coordinates. 
3. Rotate cell patterns back to  
global coordinates. For the    
central panel, when steering to 
the maximum angle: 
 
Unit Cell Design 
 1-bit phase resolution 
 Crossed slot (180°). 
 Jerusalem cross slot (0°). 
 Fewer layers of dielectric 
and conductor reduces the 
insertion loss. Fixed cells as 
proof-of-concept. 
 Good transmission for 
both states at 28 GHz 
 Bonding film (RO3001) 
between dielectric layers. 
Simulation Results                                                                                Measurement Results 
 
 
Fabricated Prototypes 
 Two fixed beam steering angles (0° and 53°). 
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Figure B.16: Poster presented at the EuCAP conference in Krakow, Poland, on 2nd
April 2019 for the transmitarray design in Chapter 6.
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